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Protein biopolymer composites bring together the tunability and flexibility of protein matrices and 
functionality of filler components.  Graphene-based biocomposites are particularly popular for 
design of aqueously processible and strong flexible electronics for sensing, nanowires, and 
semiconductors. However, a lot of trial and error is required to determine biopolymer and co-
constituent chemistry as well as the assembly process needed to capitalize on their synergistic 
properties.  This dissertation identifies non-covalent methods to control interfacial interactions that 
drive and stabilize assembly of silk fibroin from Bombyx mori  silkworm cocoons  in order to induce 
mechanical reinforcement.  This work, then shows the cross-applicability of assembly triggers for 
silk with other semi-crystalline, amphiphilic biopolymers using Humbolt squid sucker ring teeth 
protein suckerin.  And, lastly, synthetic copolymers are used to clarify the role of biopolymer and 
surface properties on interfacial assembly without post-processing treatments.  
The main drivers of assembly and interfacial binding studied here include temperature, shear force, 
hydropathy, and pH.  Surface topography and polymer chemistry/conformation were studied 
concurrently via atomic force microscopy (AFM) and Fourier transform infrared spectroscopy 
(FTIR). This data was supported by simulation to better define assembly mechanisms at the 
interface of biopolymers and inorganic 2D fillers and their timescales.  Then, mechanical 
characterization via bulging tests and scanning probe microscopy methods (SPM), force distance 
spectroscopy (FDS) and quantitative nanomechanical mapping (QNM).  Mechanical performance 
is evaluated at the macro and nanoscales using quantitative nanomechanical mapping, FDS, and 
buckling tests. Overall, this dissertation shows how interfacial assembly driven by the hydrophobic 
effect can be manipulated using non-covalent means to study to tune mechanical performance.  










Nanocomposites synergistically combine the strength and functionality of constituent materials to 
yield nanomaterials with enhanced utility and minimal added weight and cost.  High surface to 
volume ratio confers upon nanomaterials exceptional mechanical, electrical and optical properties 
not seen in bulk materials.1  Nanomaterials can possess mechanical, electrical, thermal, and optical 
properties of use for many applications.  This array of unique capabilities which can be tuned 
through variations in processing offers an opportunity to create devices that are not only strong and 
flexible but that better assure mission success through chemical sensing, actuating constructs, and 
smart-shielding such as gas, moisture and radiation barriers.2,3,4,5  However, recent developments 
are nearing the limit of bionanocomposite strength and flexibility.   
Fortunately, nature offers innovative designs and robust building blocks with which to construct 
the next generation of functional nanomaterials. In particular, evolution has endowed natural 
materials with mechanisms to protect them from various environmental hazards and predators as 
well as facilitate their day-to-day activities. For example, silk worms and spiders extrude silk fibers 
with elastic modulus that rival the strongest commercial polymers thanks to their hierarchical 
design.12  Silk worms then use these fibers to construct cocoons for their gestation which not only 
keeps out predators and protects them from changes in their environment but blocks out solar 
radiation which could be detrimental to the developing pupae within.6  These properties have made 
silk fibroin a popular platform for drug delivery and matrix for flexible nanocomposites 
constituent.7,8,9  However, silk has poor thermal and chemical stability limit utilization of silk 
fibroin.  Understanding the mechanisms and design features which yield these extraordinary 
properties enables more effective application of biopolymer in nanocomposite design.    
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The biggest take away from nature is the importance of hierarchical assembly. Nature commonly 
uses hierarchical assembly to impart strength and dexterity in natural materials whether a 
macromolecule like keratin and collagen or mineral-based structures like bone and nacre.10,11 In 
addition to their mechanical properties, natural materials are sustainable, biocompatible, aqueously 
processible and bio-available. Many species of plant and animal life produce comparably intriguing 
materials that can both add to one’s arsenal of materials as well as suggest new ways to apply them.    
Bio-derived polymeric materials of interest to the broader community and that will be addressed in 
this dissertation include silk from Bombyx mori silkworm cocoons and silk-like protein suckerin 
from Humboldt squid sucker ring teeth.  Lessons from silk and suckerin are applied to investigate 
the assembly behavior of hydrophobic and hydrophilic synthetic copolymer brushes with controlled 
configuration.  Studying each macromolecule will showcase a different aspect of the relationship 
between structure, process, and performance at the bio-inorganic interface. 
1.1.1 Silk fibroin 
Natural silks are fibrous proteins produced by arthropods that exhibit high extensibility and 
toughness comparable to steel and Kevlar.12,13,14  Under ambient conditions, arthropods like 
silkworms and spiders produce these exceptionally strong fibers wherein fibers contain fibroin 
comprised of many fibroin fibrils of silk molecules incased in hydrophilic, gumming protein 
sericin.14,15  The silk backbones consist of alternating hydrophobic heavy chain that tends to form 
hydrogen bonded anti-parallel β-sheet crystals and hydrophilic light chain that forms amorphous 
random coils and α-helices.15  Though different types of silks possess similar chemical design, 
their particular chain length and amino acid sequence might differ significantly depending on the 
source and function.  Specifically, Bombyx mori silk used to construct silkworm cocoons contains 
Gly/Ala-rich heavy chain of approximately 390 kDa and Gly/Tyr-rich light chain of approximately 
25 kDa joined by disulfide bonds.12,13,15,16  The exceptional mechanical properties conferred by 
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this hierarchical design, biocompatibility, and biodegradability make the protein a promising 
material for biomedical and engineering applications.  
 
 Figure 1: (A) Bombyx mori silkworm pictured beside its cocoon. Scaling down to the 
molecular level, each fiber in the cocoon has the hierarchical structure outlined in (B).26 Each 
of these fibers consists of mostly hexapeptides with structures like that in (C) which are 
interspersed with amorphous regimes as shown in (D).7 
However, silk in aqueous suspension, reconstituted silk commonly used in composites lacks 
hierarchical structure and has inferior mechanical properties to raw silk.17,18  Thus, treatments 
and processing steps are used to store the assemblies and intra-silk interactions that make silk great.  
Silk toughness and tensile strength can be tuned using chemical modification, solvent and water 
annealing to alter hydrogen bonding and ion pairing.19,20,21  Surface chemistry may also be used 
to initiate silk structural changes.  For example, silk interacts electrostatically with functional 
groups sticking out from graphene oxide (GO) surfaces that prevent the direct interactions between 
silk and underlying hydrophobic aromatic six-membered rings, leading to good structure retention 
in silk.22  The balance of electrostatic and van der Waals interactions contributes to secondary 
structure stability as van der Waals interactions can disrupt ordered secondary structure.22   
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Numerous studies have shown silk’s potential utilities in a host of applications including hydrogel 
particles, core-shell particles, tissue scaffolds, and, in particular, 
nanocomposites.7,23,24,25,26,27,28,29  The highly elastomeric natural biomaterial enables 
effective load transfer between reinforcing and functional fillers through an array of hydrophobic, 
van der Waals, electrostatic, and hydrogen bonding interactions.30,31,32  For example, silk fibroin 
preserves therapeutic agent functionality and enables sustained, stimuli responsive release in 
hydrogel.7,23,24,25,26,27  Stem cells may also be embedded in scaffolds to encourage tissue 
regeneration. 28,29  And, whether for biomedical or energy storage applications, silk based 
composites are utilized to create materials with mechanical, degradation, thermal, and optical 
properties most suitable for a given application.  
Despite their premium properties and vast applicability, silk-based materials have their limitations.  
Silk is a soft biomaterial with little functional utility, like electrical conductivity, whose mechanical 
properties, though strong, pale in comparison to synthetic materials like graphenes.  Generally, silk 
materials serve as a matrix for reactive and functional components with a variety of inorganic or 
carbon components.9  Carbonaceous additives such as graphene and carbon nanotubes provide 
greater mechanical strength to the composite and electrical properties necessary for sensing and 
energy storage devices while the elastomeric biomaterial matrix can confer flexibility and 
biocompatibility.9,30,31,33  
1.1.2 Suckerin 
Plants, insect, and crustaceans have produced some of the most popular natural materials including 
cellulose, silk, and chitin; which gained brought utilization due to their mechanical tunability, 
susceptibility to chemical modification, and bio-abundance.20,2134  Specifically, cephalopods 
offer a wealth of materials design inspiration from their ability to seamlessly alter the size and 
pigmentation of spots on their skin to their problem-solving capabilities. Mechanically, they have 
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some of the strongest beaks and limb grips available thanks to adeptly designed biomacromolecule 
composites and blends.35 The beaks derive strength from a mixture of hydrated chitin and glycine- 
(Gly, G) and hisitidine- (His, H) rich proteins.43 Chitin forms a supramolecular network reinforced 
by β-sheets in an amorphous matrix. Lessons afforded by the examination of this piece of anatomy 
and pure chitin have wrought films, gels, and flame-retardant matrices.36,37,38  The impressive 
grip comes from their physiologically strong soft tissue and aided by hard polymeric extra-cellular 
tissue called sucker ring teeth within their soft tissue suckers that function as grappling hooks for 
hunting and defense. The materially more impressive aspect of their sucker ring teeth that exhibit 
an elastic modulus of 6–8 GPa in the dry state and 2–4 GPa when hydrated and are comprised of 
suckerin proteins.39 Suckerin is a family of proteins produced by cephalopods in up to 35 different 
isoforms with each having different molecular weight and modular amino acid sequence with 20-
90% sequence similarity across species.40 Traditionally, nature uses covalent crosslinks, metal-
coordination, or the infusion of minerals to form stiff structures like sucker ring teeth. Interestingly, 
sucker ring teeth are solely comprised of suckerin isoforms bound by hydrogen-bonding and 
hydrophobic interactions and exhibit compressive and tensile strength that rivals synthetic 
polymers full polyethylene ethyl ketone, polymethyl methacrylate, and polyacrylamides.41 
Despite their modular composition, suckerins have a few common features much like silk fibroin 
which differs between species but has a conserved block copolymer like structure of repetitive 
hydrophobic, crystalline segments amongst hydrophobic, disordered amorphous segments. 
Suckerin is a globular protein with Alanine- (Ala, A), threonine- (Thr, T), and His-rich 
nanoconfined β-sheets in a Gly-, leucine- (Leu, L), and tyrosine- (Tyr, Y) rich amorphous phase 
(Figure 2).42,43,44,45 The Ala-, His-rich segment exhibits strongest like-peptide interactions, 
which are pH dependent. This is like major ampullae spidroin from spiders that has a well-
conserved polyalanine amino acid sequence that readily forms homo-peptidic bonds to form β-
sheets.46 For suckerin, His provides supplemental pH-dependent support. When near neutral pH, 
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the His can deprotonate, imparting more aromatic character on its imidazole which can then 
facilitate π-π stacking. Thus, in mixing alanine and histidine, suckerin can form β-sheets and larger 
crystalline supramolecular complexes like β-strands. The amorphous segment consists of repetitive 
tripeptides of GGY and GYG as well as tetrapeptide GGLY and non-repetitive portions.  
 
Figure 2: Schematic of sucker ring teeth (A), the many suckerin isoforms in sucker ring teeth 
(B) 44, and the amino acid sequence and secondary structures that primarily comprise 
suckerin (C).45  
Unlike silk with β-crystallites nanoconfined between amorphous segments to confer a tough 
fibrillar morphology, suckerin has a semi-crystalline structure of anisotropic β-crystallites. The 
semi-crystalline composition confers tensile and shear strength while anisotropic alignment 
contributes to generally, globular morphology and overall high compressive stress (Figure 
2).42,43,44,45 Then, several isoforms co-assemble into rings of teeth with nanotubular 
microstructure. The isoforms range in size from 5 – 57 kDa, much shorter than most fiber-forming, 
stiff natural proteins. Each isoform has distinct properties that require exploration. So far, most 
research has focused on the largest isoform that primarily found in the Humboldt squid suckerin-
19, also known as suckerin-39. Suckerin-19 is 39 kDa and the primary component of Humboldt 
squid sucker ring teeth. Numerous studies have explored the materials structure, properties, and 
performance of suckerin-19 in a variety of environmental and solvent conditions.  In short, 
recombinant suckerin-19 has elastic modulus of 7.5 GPa when dry, 5-8 MPa when hydrated, and 
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as low as 20 MPa when immersed in select solvents like urea that disrupt intermolecular hydrogen 
bonds, which is comparable to dragline silk.44 When photo-crosslinked using ruthenium and 
ammonium persulfate, researchers found that increased loading of the initiator APS increased 
disorder in suckerin and lead to decreased elastic modulus when crosslinked (2-0.038 GPa, 
depending on the concentration of APS). The results illustrate the complex effect of pH and 
mobility on suckerin secondary and tertiary structure orientation. In presence of higher pKa 
materials that can deprotonate histidine or tyrosine, suckerin becomes more disordered, thereby 
decreasing the assembly that imbues it strength. And, decreased mobility from crosslinks restricts 
suckerin’s ability to transform into more crystalline organization, once again inhibiting elastomeric 
mechanical performance.  
Altogether, suckerin is a bio-available, synthetically producible, strong biopolymer that can be 
processed for a variety of applications from hydrogels for drug transport to films with pH tunable 
toughness and dimensions. Even in the infancy of its materials research, suckerin is marketed a 
rival to silk, so we sought to test this assertion as well as conduct a higher resolution analysis of the 
recently reported Hofmeister effect on suckerin. In fact, it has been demonstrated that three-
dimensional suckerin-12 hydrogels exhibit sclerotization and dimensional changes upon exposure 
to Hofmeister series salts according to their pKa and rank in the series. 47 The Hofmeister salts are 
categorized as kosmotropes (common anions: acetate (C2H3O2-1), citrate (C6H5O7-3), phosphate 
(PO4-3) and sulfate (SO4-2); cations: lithium (Li+), sodium (Na+) , potassium (K+), and 
ammonium (NH+4))  that promote aggregation in water and chaotropes (common anions: chloride 
(Cl-), nitrate (NO-3), chlorate (ClO-3), iodide (I-), hypochlorate (ClO-4), and cyanate (SCN-); 
cations: magnesium (Mg+2), calcium (Ca+2), and guanidinium (C2H6N4S+)) that promote 
dissolution.  
There is no evidence that suckerin is covalently crosslinked in the native SRT assembly.44 
Therefore, the mechanical properties and assembly of suckerin are likely controlled by modulation 
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of secondary structure and self-assembly into organized nanostructures. We hypothesize that 
suckerin assembles in a manner similar to silkworm fibers where the local chemical environment 
and the mobilization of bulk water drive inter-proteins interactions to create a robust water stable 
biomaterial.  
1.1.3 Synthetic copolymers 
Although, hierarchical structure and bioavailability make natural biopolymer exciting, their 
complexity does not allow for close examination of the effect their configuration has on interfacial 
interactions.  For natural proteins, their amino acid sequence tends to vary between and within 
species.  Bombyx mori silk quality is affected by the feed and environment enjoyed by the 
silkworms producing and extruding the fibers.  One could even feed them leaves coated in quantum 
dots to produce silk interlaced with the particles.  In spiders, silk strength also differs according to 
its purpose and is extruded from different spinnerets.  More differences abound among the many 
other silks produced by other insects. The same is true for suckerin, which is found in many 
cephalopod species.  While little research addresses the effect of environment and nutrition on 
suckerin, it does have 35 isoforms; some of which aren’t found in every species but work 
synergistically to form a tough protein-blend grappling hook.  
This complexity is surmounted in device and film making through sourcing consistency and 
solubilization procedures designed to reduce the proteins to consistent dimensions and remove 
additives like sericin, or—as for suckerin—expression via e. coli.  Still, these approaches 
insufficiently reduce the complexity of natural polymers.  Synthesis allows for control of polymer 
degree of polymerization, functional groups, and grafting density as well as hydrophilicity.  
Similarly, peptides can be synthesized with specific amino acid sequences, but it is difficult to make 
large molecules (<100 kDa) and in high volume. Synthetic polymers aren’t as limited.  
Homopolymers like polystyrene (PS), polymethylmethacrylate (PMMA), and polyethylene glycol 
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(PEG) are commonly used in nanomemebrane and biologic fabrication.  PS is a hydrophobic 
polymer that readily dissolves in toluene and serves as a sacrificial layer for lifting membranes 
from the surface on which they were assembled.  PMMA and PEG are hydrophilic polymers found 
in electronics, plexiglass, cosmetics and medicines.48 PEG has non-ionic hydrophilicity that is 
thermoresponsive, is flexible without crystal formation, and attracts metal cations.  Due to their 
tunable hydrophilicity and biocompatibility, PEG serve as antifouling coatings that prevent cell and 
protein adsorption.49,50  They also serve as surfactants for proteins and encourage higher-order 
assembly formation.51  PMMA is an anionicly hydrophilic, transparent thermoplastic polymer best 
known as Plexiglass and has tensile strength, impact strength, chemical and heat resistance.  
Industrially, PMMA is used in industrial paints, tattoo ink, and semiconductors.  Like PEG, PMMA 
is relatively bio-inert and prevents formation of fibrotic tissue that can lead to bio-device failure.52  
Thanks to this biocompatibility and shatter-resistance, PMMA bio-related applications include 
intraocular lenses, eyeglasses, bone cement, soft tissue filler, and dental prosthetics. 53,54,55   
Copolymerization enables mediation of their fouling properties and hydrophilicity.  A copolymer 
is a polymer comprised of two or more different kinds of mer units.  There are several kinds of 
copolymers; block copolymers – multiple polymer segments joined linearly, star polymers – 
polymers joined at a central nexus point, and graft copolymers – polymers attached as functional 
chains along a backbone.  Ideally, copolymers combine the beneficial properties of individual 
polymers for singular applications like acrylonitrile butadiene styrene for rubber and PEG-
poly(propylene oxide) for amphiphilic coatings and surfactants.  Graft and block copolymers are 
largely synthesized via living and ring-opening metathesis polymerization.  Their properties are 
largely due to the composition and length of the blocks.  So, their tailor-made chemical structure 
and high throughput producibility make copolymers especially useful for study of polymer-surface 
interactions driven by composition and hydrophobicity. 
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Two copolymers were chosen for this study. Copolymer type I contains glycidyl methacrylate 
(GMA) grafted to a backbone of oligo (ethylene glycol) methyl ether methacrylate (OEGMA) and 
demonstrates strong hydrophilic nature while copolymer type 2 shows amphiphilic behavior due to 
lauryl methacrylate (LMA) side chains interspersed with GMA son an OEGMA backbone. 
Poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA) exhibits thermosensitivity, 
protein repellency, and ability to compatibilize materials with water.56,57,58,59,60,61,62  It has 
hydrophobic oligo(ethylene glycol) side moieties tethered to a hydrophilic methacrylate backbone. 
Poly(glycidyl methacrylate) (PGMA), which is insoluble in water, can be easily “grafted to” 
surfaces by nucleophilic addition to its epoxy groups. This also facilitates PGMA thermal 
crosslinking.63,64,65,66,67,68,69,70,71 Lauryl methacrylate addition is used to tune the 
hydropathy of the copolymers.72,73,74  
1.1.4 Graphene 
Altogether, biopolymers exhibit mechanical properties comparable to high performance polymers 
(i.e. Kevlar and PEEK), but their functions are relatively limited to matrix or binding functions. On 
the other hand, graphene is a 2D platelet that possesses the biocompatibility and facile 
processability of the best biopolymers as well as high thermal and electrical conductivity and 
mechanical strength.  This is thanks to their honeycomb carbon lattice structure that exhibits strong 
interlayer π-π stacking of unique monolayer flexible sheets.33  Graphene is produced via chemical 
vapor deposition, exfoliation, and many other methods; but most commonly via exfoliation of 
graphitic flakes. Most commonly, graphene is obtained from chemical or thermally oxidized 
graphitic flakes that are then reduced to graphene.  The intermediary product in this process is GO. 
The oxygenated moieties formed force the flakes to separate into few to single atomic layer sheets 
hydroxyl, epoxy, and carboxyl groups during oxidation enables dissolution in water and facile, 
green processing with other materials. Theoretically, GO is about 0.72 nm thick, twice the thickness 
of pristine graphene because of the surface functionalities. A single GO flake can have an elastic 
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modulus of 250 GPa, and they tend to be amphiphilic due to their hydrophilic oxygen containing 
side groups and hydrophobic carbon lattice. Their lateral dimensions are highly dependent upon 
the oxidative process applied and the dimensions of the graphitic flakes used to make them.   
 
Figure 3. A depiction of the GO honeycomb structure, a nanomembrane of silk and GO, AFM 
image of GO on silica, and electrostatic force microscopy image showing the oxygenation of 
the GO surface. 
Flakes exfoliated and chemically oxidized via modified Hummer’s method can reach 60-70% 
oxidation and 2:1 carbon to oxygen ratio.  However, the heat generated during this process leads to 
defects in the lattice that disrupt the π-π interactions that confer them strength and functionality.  
Defects coupled with the oxygenated functional groups make GO less thermally and electrically 
conductive than graphene.  Then, it is reduced to restore electrically performance and, in the 
process, form more defects, so graphene-derivatives rarely achieve the performance seen with 
pristine graphene.  
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All the same, GO possesses amphiphilicity that allows it to strongly bind to both polar and non-
polar species with optimal interfacial binding in an amphiphilic matrix like silk fibroin.75  GO can 
also be aqueously dispersed with water forming local cross-links between the GO flakes via 
hydrogen bonding while decreasing load transfer through inter-layer slip, and permanent interlocks 
formed by covalent cross-linkers increase reinforcement and limit flexibility.16  Once oxidized, 
the oxygen containing moieties can be used to functionalize GO for flame retardance, analyte 
binding, and macromolecules of different sizes and compositions.  Chemical modification allows 
for incorporation of graphenes into a variety of media whether homophobic or hydrophilic and for 
different sensing and electrical applications.  Even, when not functionalized, the amphiphilicity, 
strength, conductivity, and processability of GO have made a popular 2D filler in nanocomposites.  
GO-based nanocomposites are typically assembled as stacks of flexible GO monolayers of about 1 
nm thickness via vacuum filtration, layer-by-layer (LbL) assembly, and controlled evaporation.32  
Of these methods, LbL assembly mimics the laminated design of nacre thus enabling greater 
interfacial contact between the natural biopolymer matrix and synthetic filler 
component.9,30,31,32  This fabrication method enables silk to saturate interfacial interactions and 
dramatically enhance mechanical properties of these nanocomposites.9,76,77,78 Increased 
interfacial binding between silk fibroin materials and GO components facilitates higher Young’s 
modulus and the ultimate stress.  
MD simulations show that van der Waals and hydrophobic interactions as well as 𝜋–𝜋 stacking 
play a major role in the adsorption of peptides and proteins to graphene-derived 
surfaces.79,80,81,82  The graphitic surface hydrophobicity and, possibly, its heterogeneity affect 
peptide conformations and secondary structure.83,84  In a study of short alpha-helical, positively 
charged cytoplasmic peptides on graphene (hydrophobic, homogenous atomically flat surface) and 
GO (heterogeneous, hydrophilic surface), adsorption on the GO surface was mediated through 
hydrogen bonds and the alpha-helical protein exhibited better conformational stability on GO as 
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compared to graphene.85  Similar results were obtained in a study of glycine-alanine protein 
adsorption to GO and graphene surfaces, where the protein retained a crystalline secondary 
structure on GO rather than graphene.86  These simulations suggest general mechanisms for 
peptide/protein adsorption on carbonaceous surfaces, however, there’s lack of similar experimental 
studies.     
 
1.2 Fundamental Issues 
A lot of research on bionanocomposites focuses on integration of a few biopolymers (silk, collagen, 
DNA, keratin) into hybrid organic-inorganic composite structures. This is mostly due to the decades 
of use and experimentation on these materials for use in food, textiles, and medical devices.  
Oftentimes, these biopolymer composites were designed using an iterative trial and error approach.  
This approach has brought us silk-based hydrogels, core shell particles, and flexible films that take 
advantage of silk’s electrostatic, van der Waals, and hydrogen bonding interactions to yield 
stability, responsive properties, and strength.  However, silk-based composites that have high 
Young’s modulus tend to exhibit low ultimate strain, which makes them brittle and unsuitable for 
applications where flexibility is required.32,87 Effective compatibilization is even worse for lesser 
studied biopolymers like suckerin.  
Creating next generation bionanocomposites necessitates a different approach to design driven by 
fundamental understanding of the composite co-constituent assembly behavior and how this relates 
to their performance properties such as mechanical strength, opacity, and adhesion.  Say that a 
protein is more likely to coil on itself at neutral pH and extend to bond with surface moieties on a 
nanoparticle at low pH.  By applying this fundamental understanding of how the protein behaves 
at different pH, one can construct a fabrication approach that applies this phenomenon to ensure 
formation of a percolating network to facilitate stress, heat or electron transfer, depending on the 
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application and nanoparticle used. In a recent publication, for instance, electrostatic interactions 
between silk and cellulose were used to create nanofibers of cellulose nanocrystals coated in silk 
that bonds strongly to GO.88 Researchers applied a fundamental knowledge of interaction at the 
silk-GO and silk-CNS interfaces to create a durable, composite system. Then, upon reducing the 
GO, the hydroscopic nature of CNC enabled facile tunability while reduced GO (rGO) ensured 
expedient transfer of water through the composite matrix for fast filtration.  
Likewise, applying knowledge of material interfacial interactions enables the development of 
fabrication processes that preserve the natural strengths of biopolymers. Biopolymers, particularly 
proteins are highly sensitive to changes in temperature, pH, ionic character, and mechanical 
stress.17,89,90,91,92  These factors lead proteins to coil or uncoil in different ways by altering 
noncovalent like protein and protein-substrate/surrounding media bonds.  Globule forming proteins 
like enzymes achieve functionality through their tertiary structure.  And, fiber forming proteins 
such as silk, collagen, and keratin may lose binding sites that facilitate assembly into hierarchical 
structures that confer tensile and impact strength.93  For example, chaotropic salts are used to 
disrupt hydrogen bonds in proteins for stable aqueous dissolution. Chaotropic salts are commonly 
used for water-based fabrication of biopolymer composites.  So, scientists employ various post-
processing thermal, strain inducing, solvent and vapor annealing treatments to recover stable, high-
ordered structures and intermolecular interactions.89,90,91,92  
Such an approach will be key to developing composites with more complex polymeric materials. 
Synthetic polymers are more resilient than biopolymers in that they are unlikely to degrade or 
deform in response to fluctuations in environmental conditions.  They can be synthesized as 
copolymers in high volume with defined complexity and surface chemistry.  However, their 
interfacial interactions and conformations in composites can be difficult to probe and predict.94 
Currently, diagnostic experiments using dynamic mechanical analysis and viscometry help provide 
a relative understanding of polymer network ordering and pervasiveness and stress response in an 
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iterative approach to make a composite preparation protocol.94,95 Composite design driven by 
fundamental materials understanding would accelerate this process. 
 
 37
RESEARCH GOALS, OBJECTIVES, AND OVERVIEW 
1.3 Goals and Objectives 
This goal of this dissertation explores bionanocomposite design approaches driven by fundamental 
understanding of how material structure and process work together to impact composite 
performance.  Figure 4 shows how this work explores composite fabrication techniques and post-
fabrication processing affect protein assembly within composites and composite toughness all 
without imposing a configurational change in the protein backbone. Computational modeling is 
used to quantify the non-covalent interfacial interactions that drive protein aggregation behavior. 
These findings are applied to engineer composites with specific mechanical performance 
properties.  In pursuit of that goal, this dissertation has the following core objectives: 
Objective 1: Identify material processing steps that induce biopolymer interfacial assembly in 
response to triggers like temperature, shear force, hydropathy, and pH.  Thus, this work 
begins by identifying characteristic aggregation and adsorption behaviors for biopolymers 
that have undergone specific processing procedures.   
Objective 2: Compare experimental and simulation data to hypothesize underlying mechanisms 
and the timescale of their effects.  Often the mechanisms of interfacial assembly are 
difficult to monitor in real-time.  Simulations are used to recreate these effects in a platform 
where one can back calculate for temporal phenomena. The simulations will be used to 
calculate the magnitude of interfacial forces and map individual molecular motion 
overtime.  
Objective 3: Correlate nano-interfacial assembly with mechanical performance and apply these 
findings to drive material design. Material assembly or structure affects which chemical 
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groups are available for binding. This then affects the types and prevalence of interfacial 
interactions that impact adhesion and stress-transfer within a composite, which then 
determines mechanical performance.  
 
Figure 4: Scheme of proposed work flow. 
To fulfill these objectives, this work first defines the effect of processing and substrate chemistry 
on biopolymer adsorption and assembly using silk.  Experimental and theoretical methodologies 
are used to study Bombyx mori silk adsorption at the heterogeneous hydrophobic-hydrophilic 
surface of GO with different degrees of oxidation.  Silk is deposited using various spin casting 
conditions relevant to the assembly of laminated nanocomposites from graphene-based components 
and compared with benchmark substrate, atomically flat and homogenous silicon dioxide (SiO2).  
Secondary structure of silk backbones changes as a function of silk fibroin concentration, substrate 
chemical composition, and deposition dynamics are assessed and compared with molecular 
dynamic simulations.  The goal of this study is to gain an understanding the effects of processing 
conditions and surrounding media on silk assembly that can then be applied to the manipulation of 
other structural, semi-crystalline proteins in organic-inorganic composites. 
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Then, the applicability of interfacial assembly guided design is demonstrated by applying the 
findings from the previously mentioned study to fabrication of ultrathin and robust nanocomposite 
spin cast silk-GO membranes. Spin assisted layer-by-layer (SA-LbL) was used to apply high and 
low initial shear. Contrasting effects were observed for high versus low initial shear on silk 
assembly at the interface.  High initial shear causes fast solution removal during dropping of 
solution on constantly spinning substrates that results in largely unfolded biomacromolecules with 
enhanced surface interactions and suppressed nanofibril formation. The resulting laminated 
nanocomposites are characterized mechanically, chemically, and morphologically in concurrent 
tests.  After mechanical analysis, failure modes are identified via high resolution crack analysis.  
Thus, this study yields improved understanding of interphase reinforcement mechanisms at 2D silk-
GO composite interfaces. 
Using suckerin, this dissertation explores the applicability of lessons from the work on engineering 
mechanical reinforcement in silk composites via interfacial assembly and whether there is a 
hierarchy of post-processing treatments.  This segment takes a close look at changes in film 
morphology and aqueous stability in conjunction with concurrently monitored secondary structures 
in response to shear, vapor annealing, and Hofmeister salt annealing.  There is no evidence that the 
suckerin are covalently cross-linked in native suckerin assembly. The mechanical properties and 
assembly of suckerin is controlled by modulation of secondary structure and self-assembly into 
nanostructures. This suggests that suckerin assembles in a manner like silk where the local chemical 
environment and the mobilization of bulk water drive inter-proteins interactions to create a robust 
water stable biomaterial.  The study on suckerin provides a greater understanding of how its 
structure impacts film stability without chemical crosslinks.  
Lastly, this dissertation addresses the effect of hydrophilicity on interfacial adhesion and polymer 
adsorption.  Synthetic copolymers are used for this study because of their well-defined architecture 
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and synthetically designed complexity.  Graft copolymers with different hydrophilicity are spin and 
dip cast onto substrates with different hydrophilicity and homogeneity.  Copolymer adsorption on 
or at the edge of GO flakes is closely observed in addition to mechanical performance with respect 
to different substrate application and during/post-processing treatment. Thus, a deeper 
understanding of the role copolymer composition has on interface assembly and adhesion is 
outlined. 
1.4 Organization and Composition of Dissertation 
Chapter 1 provides background information necessary for comprehension and critique of this 
dissertation. 
Chapter 2  describes the goals and objectives  of the research discussed  in this dissertation as well 
as an overview of the organization of the dissertation. 
Chapter 3 provides technical descriptions of materials and experimental techniques and 
characterization most frequently referenced in this dissertation. Subsequent chapters provide 
greater detail and introduce less frequently used experimental techniques as needed.  
Chapter 4 addresses the effects of surface chemistry and processing on silk fibroin self-assembly 
using high resolution surface spectroscopy. The results show that silk fibroin is highly sensitive to 
shear induced crystallization and the hydrophobic effect, which can both be tuned to induce silk 
assembly into crystalline fibrils.  
Chapter 5 details how the findings in Chapter 5 were applied to silk-GO nanocomposites. Film 
mechanical properties were studied using bulging tests and surface spectroscopy to verify protein 
interfacial assembly. Ultimately, films exhibited increased toughness and higher elongation at 
break. 
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Chapter 6 discusses how the aforementioned findings could be applied silk-like protein suckerin-
12 using surface spectroscopy to characterize suckeirn-12 assembly and surface mechanical 
properties concurrently. Here suckerind-12 exhibits toughening due to shear, vapor, and salt 
treatment.   
Chapter 7 details a study on the impact of hydrophilicity in macromolecular assembly wherein 
synthetic copolymers chemically and physically adsorbed to the surface of graphene derivatives. 
Chapter 8 is a discussion of general conclusion and broader impacts of this dissertation. 
Chapter 9 contains supplemental figures and information not already provided in the previous 
chapters.   
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EXPERIMENTAL TECHNIQUES AND APPROACHES 
1.5 Polymers: Biopolymers and Synthetic Copolymers 
1.5.1 Preparation of silk fibroin 
A silk fibroin aqueous solution was prepared from Bombyx mori silkworm cocoons by the 
conventional procedure, including splitting, degumming, dissolving, and dialysis.96   Briefly, split 
cocoon shells were boiled in Na2CO3 aqueous solution (0.02 M, 30 min) to extract sericin, rinsed 
thoroughly with Nanopure water, and dried. The dry fibroin fibers were then dissolved in an 
aqueous solution of lithium bromide (9.3 M, 4 h, 60 °C) and dialyzed against distilled water (24 h, 
room temperature) to remove the salt ions. The resulting solution was extracted from the dialysis 
cassettes (Slide-a-Lyzer, Pierce, molecular weight cutoff 10 000), and remaining particulates were 
removed through centrifugation. This process enables the production of 3.0 ± 0.3 wt. % silk fibroin 
solution which was either used as produced or diluted with Nanopure water for experiments 
outlined here. As previously mentioned, silk fibroin has an amphiphilic block copolymer like 
structure of hydrophobic, crystalline Gly-Ala-Gly-Ala-Gly-Ser amino acid sequences between 
hydrophilic, amorphous sections with less defined amino acid sequences (Figure 1).  After 
degumming and inhibition of silk fibroin-silk fibroin hydrogen bonding via LiBr, this amphiphilic 
structure enables aqueous processing. 
1.5.2 Preparation of suckerin-12 
Collaborators at the Air Force Research Laboratory in Dayton, Ohio, expressed and lyophilized 
suckerin-12 proteins for the following experiments. Syuckerin-12 was expressed by E. coli then 
harvested, purified, and lyophilized.  The suckerin-12 produced has a complex amino acid sequence 
dominated by Gly, Tyr, Leu, His, and Ala with Gly comprising the highest percent composition 
and Ala the least. An N-terminal His6 tag was added to each peptide to aid purification by affinity 
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chromatography. Lyophilized suckerin-12 was dissolved in water and 5% glacial acetic acid added 
to set the solution pH to 5. suckerin-12 films were made by spin casting 3 wt. % suckerin-12 
aqueous solution at 3000 rpm for 30 seconds. Select suckerin-12 films were crosslinked using a 
solution of 40units/mL horseradish peroxidase and 0.02 v/v % of hydrogen peroxide (H2O2). The 
horseradish peroxidase (HRP) –H2O2 solution was dropped onto the samples and allowed to sit in 
a humid petri dish overnight. The samples were then rinsed with 18 MΩ cm Millipore water and 
allowed to dry in air. 
1.5.3 Preparation of synthetic copolymers P(G66-O34) and P(G15-O66-L19) 
Copolymers type 1 P(G66-O34) and type 2 P(G15-O66-L19) were provided by researchers in 
Professor Igor Luzinov’s research group at Clemson University according to the recently 
published protocol (Figure 5  
Figure 5).97 The copolymers were synthesized by solution free-radical polymerization. 
Monomethyl ether hydroquinone remover beads were added to glycidal methacrylate (97%) 
(GMA) and lauryl methacrylate (LMA) prior to the synthesis. MEHQ and tert-butylcatechol 
inhibitor remover beads were added to oligo(ethylene glycol) methyl ether methacrylate (OEGMA) 
dissolved in methyl ethyl ketone (MEK) prior to synthesis. Solutions were then filtered through 0.2 
μm syringe filters. The LMA:OEGMA:GMA molar ratios for were 0:80:20 and 20:60:20 for 
copolymer type 1 and type 2, respectively. The overall monomer concentration was 0.5 mol L-1 
and the AIBN concentration was 0.01 mol L-1. The solution was purged under nitrogen gas for 45 
min then immersed in a 50 oC water bath. The polymerization reaction was terminated after 1.5 h 
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by opening flask to the ambient atmosphere and removal from the water bath. The resulting 
copolymers were precipitated by diethyl ether, centrifuged and re-dissolved in MEK. This 
procedure was repeated three times in order to remove unreacted monomers and initiator.  
 
Figure 5: Chemical structure of synthetic copolymers P(G66-O34) and P(G15-O66-L19) 
 
1.6 Substrates 
A core driver for protein assembly in this work is interfacial interactions. Here, interfacial forces 
are tuned via (1) environmental changes like temperature, pH, ionic character, and humidity; (2) 
protein covalent and non-covalent modification; and (3) surface chemistry and topology of 
composite co-constituents and underlying substrate. The first two were mentioned above. This 
section explains how the third approach taken to probe the third factor in protein assemble will be 
probed. Specifically, the effects of surface chemistry and topology are investigated using silicon 
dioxide and GO derivatives. The first functions as a hydrophilic, low roughness surface.98 SiO2 is 
compatible with the amphiphilic and hydrophilic adsorbents discussed here. Literature shows that 
amphiphilic proteins tend to form β-sheets on hydrophilic surfaces, so SiO2 may serve as an aid to 
preferential protein assembly.22 This smooth, hydrophilic surface serves as a control to which 
protein assembly on graphene-derived flakes will be compared.  
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GO serves as the test surface given its prevalence in bionanocomposite systems and available 
hydroxyl and carboxylic acid groups for facile modification with anions, cations, and 
macromolecules.33,75 Graphene consists of a planar lattice of C-C bonds which form conjugated 
structure and exhibit π–π stacking when stacked. These features imbue GO with high thermal and 
electrical conductivity as well as mechanical strength. However, graphene is typically obtained via 
chemical vapor deposition of graphitic flakes that are oxidized to induce delamination into 
monolayered flakes of GO.2,9 Though less conductive than graphene, GO has an amphiphilic 
composition that enables aqueous processing and homogenous mixing with other amphiphiles like 
silk fibroin. Hydrophilic moieties carboxylic, epoxy, and hydroxyl groups offer sites for surface 
modification via grafting of nanoparticles, peptides, and polymers.99,100,101 GO has strong 
performance properties and chameleon-like adaptability that make it well-suited for protein 
bionanocomposite design and investigation of substrate surface chemistry and topology effects on 
proteins assembly.  
1.6.1 Preparation of silicon dioxide surface 
Silicon dioxide serves as a hydrophilic surface for protein and graphene-derived flake adhesion. 
The silicon dioxide surface is obtained by copious rinsing silicon wafers then cleaning the surface 
via piranha solution (70% sulfuric acid, 30% H2O2) for 1 hr followed by additional rinsing to 
remove residual oxidizer. Piranha treatment helps remove residual matter on the wafer prior to 
polymer or graphene-derivative deposition and hydroxylates the surface to make it hydrophilic with 
a contact angle of 5o.102 
1.6.2 Preparation of graphene derivatives 
Graphene oxide. GO was prepared by the modified Hummer’s method using 325 mesh acid 
graphitic powder.103 The powder was exfoliated and oxidized by immersion in concentrated 
sulfuric acid while stirring. Then the suspension was cooled in an ice bath before dropwise addition 
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of KMnO4 with constant stirring. After adding H2O2 to terminate the reaction, the suspension was 
rinsed several times in water. Unexfoliated graphite was removed by centrifugation. X‐ray 
photoelectron spectroscopy (XPS) of a drop cast sample of the prepared flakes indicated C/O of 
2.2, which suggested 45 wt.% oxygen coverage of the GO flake primarily in the form of alcohols 
and epoxide groups. Addition of epoxide and carboxylic groups on the flake surface interfered with 
π‐stacking via interflake electrostatic repulsion which enabled facile solvation in aqueous media.22 
The flakes were amphiphilic, anionic particles as shown via contact angle and zeta potential 
measurements of 51° and −19.7 ± 0.9 mV, respectively. 77,104 
Reduced GO. GO was chemically reduced by hydrazine (N2H4) vapor and solution reduction for 
AFM and FTIR, respectively. For N2H4 vapor reduction, a solution of 35 wt.% N2H4 in water and 
NH4OH at 3:5 ratio was heated in a glass vial on a hot plate. GO flakes cast on a substrate were 
placed at the vial opening for 15 min to induce full GO reduction. This method enabled rapid rGO 
flake preparation for AFM characterization of proteins on rGO. However, several protein–rGO 
bilayers were necessary for obtaining ATR‐FTIR spectra. Using the vapor reduction method, 
protein would be repeatedly exposed to heat which could melt the protein. rGO used on ATR‐FTIR 
samples was prepared by adding 35 wt.% N2H4 in water to 100 mg GO aqueous suspension at 100 
°C while stirring. After 3 h, rGO precipitated to form a black cake that was rinsed, dried in a vacuum 
oven, and re-dispersed in water via sonication then centrifuged to remove insoluble aggregates.105 
This method produced fragmented flakes that enabled facile preparation of ATR‐FTIR samples 
using protein–rGO bilayers. XPS of samples for both hydrazine vapor and solution reduction of 
GO indicate removal of most carboxyl groups and carbon–oxygen double and single bonds.22 GO 
prior to oxidation had two major peaks at 285.4 and 287.5 eV and a shoulder at 288.7 eV which 
were characteristic of C-C and C=C bonds, C-O, and C=O bonds, respectively. From atomic weight 
percent of C, O, and N, it was apparent that GO began with C/O ratio of 2.2:1. Assuming there was 
one oxygen atom for each oxygenated group and that each benzene ring in the graphene sheets had 
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effectively two carbon atoms, XPS indicated each benzene ring had an oxygen atom for 45% 
oxygen surface coverage per GO flake surface.9 After reduction by hydrazine vapor for 15 min, 
the C-O diminished by 80% but a slight shoulder remained due to the presence of residual C-O 
moieties. C/O ratio for the rGO decreased to nearly zero. Similarly, the disappearance of peaks at 
287.5 and 288.7 eV suggested complete reduction of rGO via hydrazine solution reduction. 
GO modified with P(G66-O34) and P(G15-O66-L19) copolymers. Polymer grafted GO flake 
solutions were provided by member of Igor Luzinov’s research group at Clemson University.97 
They were prepared from GO aqueous suspension produced using the modified Hummers method 
and 300-mesh graphite powder (Alfa Aesar).103 GO water suspension (~ 3 mg ml-1) was mixed 
with water solution of P(G34-O66)/P(G15-O66-L19) (~ 5 mg ml-1) in mass ratio 1:6, so to have 
polymer in abundance (Figure 6). The mixture was shaken for 15 minutes and then it was kept at 
room temperature on an orbital shaker. After at least 4 hours GO sheets were evacuated from the 
solution by centrifugation at 10000 rpm for 5 minutes and rinsed 3-4 times with DI water to remove 
unattached polymer chains. Then the suspension was centrifuged at 1000 and 500 rpm for 15 min 
at least two times in to get rid of all flocculated sheets.  
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Figure 6: Scheme for modifying GO with the copolymers. 
 
1.7 Experimental techniques 
1.7.1 Sample fabrication 
Layer-by-layer (LbL) assembly is a film making approach that uses electrostatic forces, hydrogen 
bonding, hydropathy, etc. to induce layering of different materials into multilayered systems.106 
LbL is applied in polymer micelle fabrication and laminated composite assembly and enables 
multilayer composite forming on materials with unconventional shapes. Here LbL is applied to 
make laminated composites in which interfacial interactions are inherently amplified and become 
the core basis for observed mechanical properties whereas weakness in bulk composites could just 
as likely derive from inhomogeneity in the mixture.  
Predominantly single and bilayer films are constructed piranha oxidized silicon wafers via dip-
coating, Langmuir Blodgett (LB), and spin assisted LbL (SA-LbL). LB was pioneered by Irving 
Langmuir and his protegee Katherine Blodgett to enable fabrication of homogenous, 
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monolayers.107 In this method, a substrate is immersed in a water trough then an amphiphilic 
monolayer component is deposited on the water surface. Then the trough surface area is decreased 
to increase water surface pressure. This causes the amphiphilic material deposited on the surface to 
condense into a solid-like layer and the substrate is drawn out of the trough, allowing transfer of 
the dense, monolayer from the water surface to the substrate. The same trough and dipper used for 
LB was adapted for dip-coating. Dip-coating enabled faster fabrication of single flake and dense 
films of graphene derivatives.97 SA-LbL offered an even faster method of monolayer fabrication 
though often with few, rather than single layer graphene derivative flakes. SA-LbL assembly also 
provided accelerated solvent removal and shear force known to induce protein crystallization. In 
this approach, each layer was formed by depositing the solvated layer component then spinning the 
substrate dry in a spin-coater.22,110  
1.7.2 Sample Characterization 
Scanning probe microscopy. Biopolymer morphology, modulus, and adhesion properties were 
captured using a Bruker Icon AFM in standard tapping and QNM mode. silk fibroin fibril assembly 
was probed using ultra-sharp tips with resonance frequency 325 kHz and spring constant 40 N 
m−1 in soft tapping mode at ambient conditions.108 Most other SPM associated images were 
acquired using standard tapping mode tips whose average spring constants and resonant frequencies 
were 0.2 - 40 N m-1 and 15 - 350 Hz, respectively.  
Bulging tests. The bulging test requires a stable free standing thin film of material to be stretched 
until breaking using a lab-made interferometer that uses automated pumps to pull air thus providing 
mechanical properties on the macro scale.109  During bulging tests, a film is suspended over an 
aperture of 300 µm in diameter, then puffs of air are applied to it at different pressures and 
frequencies with film deflection captured by an interferometer. A stress versus strain plot is 
constructed from the collected applied pressure and deformation data and analyzed.  
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Buckling tests. Buckling is another method that provides an evaluation for compressive elastic 
modulus from buckling instabilities developed during compression of the films transferred onto an 
elastomeric substrate.  This method allows mechanical characterization of ultrathin films and high 
throughput analysis of many variables.110  
Ellipsometry. Sample thickness was measured using a Woollam M2000U variable-angle 
spectroscopic ellipsometer with a wavelength range of 245–1000 nm. Generally, a Cauchy model 
was applied to model the 620-1000 nm region of the optical spectrum.111 
X-ray diffraction (XRD). XRD experiments were performed employing Cu Kα radiation (at 40 kV 
and 20 mA). The Scherrer equation D = Kλ/(B cos θ) was employed to estimate the stacking number 
of the bilayer structure and the size of the β-sheet crystals of silk, where D is the stacking number, 
K = 0.9 is the shape factor, λ is the wavelength of the X-ray (0.154 nm), B is the full width at half-
maximum (fwhm) of the diffraction peak, and θ is the Bragg angle. 
Transmission electron spectroscopy. Microstructures of select nanocomposites were placed on 200 
mesh copper grids for transmission electron microscopy conducted with a Hitachi 7700 at 120 kV. 
Fourier transform infrared spectroscopy. High-resolution FTIR has been conducted by using a 
Bruker Vertex 70 infrared spectrometer. Samples were deposited on a silicon attenuated total 
reflectance crystal to probe ultrathin film samples.  
Optical microscopy. Optical images were obtained using a Leica DM 4000M microscope to 
evaluate macroscopic morphology changes and phase separation.  
X-ray photoelectron spectroscopy. XPS was conducted by using Thermal Scientific K-Alpha 
instrument. XPS was used to evaluate surface and film composition.  
1.7.3 Molecular dynamics simulations 
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Atomistic molecular dynamics simulations are used to explore the interactions and secondary 
structure formation of proteins and synthetic copolymers in proximity to various surfaces including 
graphene, GO and silicon dioxide.  Dr. Ho Shin Kim and Professor Yaroslava Yingling at North 
Carolina State University contributed the simulation results. The GO surface introduced here had 
20% of oxygen content which consists of epoxy and hydroxyl molecules in the ratio of 3/2.112   
The (100) face of SiO2 displays silanols with a surface density of 2.5 silanols/nm2 and a ratio of 
17:1 between single to germinal silanols.113,114   Representative segments of the polymer 
structures were used to complement the experimental research. Initial biopolymer 3D structures 
will be obtained using I-TASSER server.115  
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SILK FIBROIN MOLECULAR ASSEMBLY  
1.8 Overview 
To address the first objective, silk fibroin was used to show the effects of processing and surface 
chemistry on protein assembly.22 Silk fibroin adsorption at the heterogeneous hydrophobic-
hydrophilic surface of GO with different degrees of oxidation was explored experimentally and 
theoretically.  Samples are prepared via spin assisted deposition using various conditions to form 
laminated silk fibroin and graphene based laminated composites. SiO2 serves as a benchmark 
substrate. Changes in the secondary structure of silk fibroin was characterized as a function of silk 
fibroin concentration, substrate chemical composition, and deposition dynamics. Experimental and 
simulated results were combined to evaluate the effects of processing and surrounding chemistry 
on silk fibroin assembly and to quantify interfacial interactions driving observed phenomena.  Shear 
induced crystallization and surface amphiphilicity were found to promote silk fibroin adsorption to 
the surface and subsequent assembly into fibrillar structures. 
This chapter contains portions of a manuscript by A. Grant, H. Kim, T. Dupnock, K. Hu, Y. 
Yingling, and V. Tsukruk; entitled Silk fibroin-Substrate Interactions at Heterogeneous 
Nanocomposite Interfaces and published in Advanced Functional Materials in 2016. 
 
1.9 Experimental 
Preparation of reconstituted silk fibroin. Silk fibroin was extracted from Bombyx mori silkworm 
cocoons as described in Chapter 3 then diluted to 0.2, 0.02, 0.002 wt. % and refrigerated at 5 oC. 
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Preparation of GO. GO flakes were prepared as discussed in Chapter 3 then diluted to 0.04 wt. % 
and spin cast for AFM and FTIR characterization. 
Preparation of rGO. GO flakes were reduced via hydrazine vapor and solution treatments for FTIR 
and AFM samples, respectively as discussed in Chapter 3.   
High resolution atomic force microscopy. The sample topography was via AFM as discussed in 
Chapter 3 using soft tapping mode at ambient conditions.  Samples were characterized at several 
scan sizes though only 2, 1, and 0.500 µm were depicted here with pixel sizes of 2, 1, and 0.5 nm, 
respectively. Given that each tip radius was ≈1 nm, higher resolution than those shown were not 
possible without tip convolution due to pixel size being over an order of magnitude less than the 
tip size. Several points were characterized on each sample. Cross-sections were measured for 30 
particles and/or fibril subunits for each captured image using 0.5 nm pixels. Height measurements 
taken were then used to calculate the particle/subunit volume. In these calculations, the globule-
like particles were assumed spherical and the volume equation for a sphere was utilized, whereas 
fibril height and subunit length were utilized to compute their subunit volume as would be done for 
a cylindrical particle. 
ATR-FTIR. Silk fibroin and/or GO were cast onto a silicon ATR crystal while both immobile (drop 
cast) and mobile (spin cast). Analysis was conducted as discussed in Chapter 3.  
MD simulation. All simulated results were obtained as discussed in Chapter 3 from collaborators 
North Carolina State University.  
 
1.10 Results and discussion 
1.10.1 Comparison of Silk Fibroin at Different Deposition Conditions 
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Initial experiments focused on the effects of silk fibroin concentration, conventional versus 
dynamic casting, and spin speed on secondary structure of absorbed silk materials under common 
spin assisted LbL (SA-LbL) assembly conditions.  A monolayer of GO flakes on silicon wafer 
served as the substrate and samples were prepared using silk fibroin aqueous suspension at 0.2, 
0.02, and 0.002 wt. % deposited on initially immobile substrates for conventional SA-LbL and on 
spinning substrates for dynamic SA-LbL (dSA-LbL) then spun dry at different spin speeds.   
Figure 1 shows surface morphology of silk fibroin deposited as an aqueous suspension onto a GO 
flake on a silicon wafer.  GO flake lateral dimensions varied from 3-6 μm with 0.9 nm thickness, 
which is indicative of monolayers.30  On the oxidized GO substrate, silk fibroin exhibits distinct 
morphological transitions when deposited at different concentrations.  When spun from a 
concentrated suspension, silk fibroin retains a spherical globular structure.  For instance, 0.2 wt. % 
silk fibroin cast on GO exhibits densely packed globules with height of 2.0 ± 0.5 nm (Figure 7).  
Particles are assumed spherical in dimension, so the classic sphere volume equation was used to 
calculate their volume, wherein height measured via AFM was used as diameter.116  The particle 
volume determined this way varied depending on silk concentration as this resulted in different 
secondary structures and packing densities.  Individual silk fibril subunits, the beads on a string 
like components of the fibrils are 1.4 ± 0.5 nm, while the globule-like structures exhibited are 
mostly 40-200 nm3. This suggests these are individual globular silk backbones.95,117,118  
Variation in volume is greater for the globule-like structures than fibrils due to aggregation as Well 
as difficulty in accurately measuring the individual particle height amongst the bed of other globule 
like structures.    
When diluted by 10 times to 0.02 wt. % silk fibroin, globules of similar sizes were observed (Figure 
7).  Upon further dilution to 0.002 wt. % silk fibroin, morphology changed dramatically with 
individual bundles formed which are comparable in size to individual silk backbones with average 
height of 0.86 ± 0.22 nm (Figure 7).  The morphologies at the various concentrations reflected 
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findings from previous studies conducted in solution on a mica.17,89  These studies showed a dense 
globular morphology above 1 wt. % with a reduction in globule size at 0.1 wt. % then fibril 
formation below 0.01 wt. %.  As shown here, the fibrils observed in this case had diameters several 
times smaller than the globular aggregates observed in high concentration regime.  
 
Figure 7: AFM topographical images of silk fibroin absorbed from 0.2 (A), 0.02 (B), and 0.002 
wt. % (C). silk fibroin deposited on GO flakes on a silicon wafer via conventional SA-LbL at 
5000 rpm. Scale: 200 nm. Z range: 4 nm (A and C) and 8 nm (B). 
Figure 8 depicts AFM topographical images of silk fibroin assembly when 0.002 wt. % silk fibroin 
was deposited via conventional SA-LbL onto GO flakes and silicon dioxide (SiO2) surfaces at 
several spin speeds.  As previously shown on mica, another homogenously hydrophilic, anionic 
substrate, the combination of low concentration and applied shear after initial adsorption are 
enough for fibril formation on SiO2 surfaces.  Although, applied shear seems necessary for fibril 
formation there is no apparent effect on the dispersity of their assemblage.  On GO flakes, 
conventional SA-LbL leads to less accumulation of silk fibroin on GO flakes with little fibril 
formation.  Linear assemblies are observed at the highest rotational speed of 8000 rpm with some 
observable fibrils formed at 3000 and 5000 rpm, though increased roughness on the flakes renders 
them less easily distinguished (Figure 8).  Conventional SA-LbL assembly yields globules of 
random coils at different locations with inter-globule alignment suggesting initiation of assembly.   
A B C 
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In contrast, dynamic spin casting yielded linear silk fibroin assemblies on both SiO2 and GO flakes 
(Figure 9).  Linear fibrils of variable length are formed at each spin speed 78-370 nm in length.  
Dimensional analysis of these images shows fibrils of uniform diameter with globule like structures 
along the fibril and at fibril intersections for 0.002 wt. % silk fibroin on GO flakes.  Extended chains 
formed when 0.002 wt. % silk fibroin was spun cast dynamically on GO flakes (Figure 9).   
                           
Figure 8: AFM topographical images of 0.002 wt. % silk fibroin morphology after 
conventional SA-LbL on SiO2 surface (A, B, C) and GO flakes (D, E, F) on a silicon wafer at 
3000 (A, D), 5000 (B,E), and 8000 (C, F). Scale: 200 nm. Z range: 2nm (A, B, C, D, E, F) and 
6 nm (D). 
Average fibril height was 0.85 ± 0.13 nm, which is close to the expected backbone diameter and 
very similar to values previously reported for individual fibrils and dimensions of simulated the 
GAGAGS sequence in β-sheet structure.116,117  The broad distribution is attributed to the globule 
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like structures in Figure 3 that form at fibril junctions. Larger structures at fibril joints are thicker 
than the fibrils and have a volume comparable to that observed for random coils and helical 
conformations.117  For dilute silk fibroin on GO, high initial shearing seems to be critical for fibril 
formation where greater dispersion lessens intermolecular interactions between silk molecules that 
must be overcome to induce absorption with unfolded morphologies.  
As shown in a previous publication, the rapid solution removal inherent in dynamic deposition 
increases interfacial adhesion and shear induced crystallization.  However, spin speed variation 
appears to have little bearing on silk fibroin morphology as indicated by conformational uniformity 
at a given concentration across all spin speeds.  Previous studies have shown a positive linear 
relationship between fibril formation and shear rate.76,119  
Unlike those studies, which were conducted in solution, the present study entailed rapid solvent 
removal during the assembly process.  The results presented suggest that as solvent quickly shears 
off the substrate, long-chain flexible protein macromolecules are stretched and locked in place by 
quenching during fast solvent removal.  These dueling factors inhibit fibril formation with 
increased shear rate.  
ATR-FTIR spectra of silk fibroin-GO films prepared under relevant conditions exhibit 
characteristic peaks at 1626, 1634, 1645, 1653, 1661, 1668, 1684, and 1697 cm-1.120  silk fibroin 
secondary structures consist of a mix of amorphous random coils and ordered β-sheets, helices, and 
β-turns.4,19,20,21,92  According to these studies, silk fibroin secondary structure can be 
categorized more broadly as silk I for random coils and helices, silk II for β-sheets, and silk III for 
helices.  Contributions of various secondary structural components were quantified by 
deconvolution of the amide I peak (1586 – 1720 cm-1), which is broadly attributed to C=O 
stretching.  The amide I region was baseline corrected and then deconvoluted via Fourier self-
deconvolution and second derivative analysis of the amide I peak.121 
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When spun cast, silk fibroin infrared absorbance increases at representative β-sheet peaks (1626, 
1634, and 1697 cm-1), indicating increased crystallinity in sheared silk fibroin.  An accompanying 
decrease in absorbance at 1645 and 1653 cm-1, peaks attributed to random coils, suggest a shift of 
the secondary structure composition from random coils to β-sheets.117,26,30,93,103  Meanwhile, 
peaks at 1668 and 1684 cm-1 for turns and 1661 cm-1 for helices remain relatively unperturbed.  
silk fibroin sheared on GO has a slightly more β-sheet dominant secondary structure than drop cast 
silk fibroin.   
Crystallization of drop cast silk fibroin is mostly owed to extended drying time during which silk 
fibroin has to reorder into its lowest energy conformation, β-sheets.116,118  Introduction of GO 
flakes for silk fibroin-GO bilayers yields similar ATR-FTIR signatures where β-sheet peaks at 1626 
and 1634 cm-1 have increased while decreased absorbance at 1645 and 1653 cm-1 indicates loss 
of random coil secondary structures.  Overall, GO appears to preserve the crystalline secondary 
structure while enabling switching from random coil to β-sheet.   
The differences between conventional and dSA-LbL of silk fibroin-GO pairs were explored in a 
previous publication.  Without the initial stage of slow static adsorption, there is increased 
stretching of proto-fibril structures as β-sheets form from random coils while the proportion of 
helices and turns appear unaffected.  The analysis of protofilament structures observed in this 
experiment with increased β-sheet content allows for an understanding of secondary structure on 
this surface.  Dimensional analysis of linear fibril assemblies suggests these structures are 
protofibrils of aligned silk fibroin molecules.  This is further corroborated by previously reported 
silk morphologies on mica where the appearance of linear assemblies is accompanied by increased 
crystallinity.116,117,95,103  
1.10.2 Effect of graphene oxidation on silk fibroin assembly behaviour up 
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Then, silk fibroin secondary structure changes were studied after adsorption on an increasingly 
hydrophobic surface with graphitic patches.  After depositing GO flakes on SiO2, the flakes were 
fully reduced by hydrazine vapor.  GO flakes were reduced to C/O of 15.1 and oxygen coverage of 
3.3 wt. % after hydrazine vapor reduction to rGO state.  Then, 0.002 wt. % silk fibroin was 
deposited via conventional and dynamic assembly at various spin speeds to probe the effects of 
static adsorption time and increased shear on silk fibroin folding and secondary structure.  Results 
from initial experiments on the silk fibroin-GO interface were compared to silk fibroin-rGO.  As 
observed, the extended exposure to hydrazine and heat added to vaporize the reducing agent during 
GO hydrazine vapor reduction could cause a conformational shift in silk fibroin with or without 
incorporation of rGO.  Alternatively, samples for ATR-FTIR, were prepared by complete reduction 
of GO in hydrazine solution then suspension of the resulting rGO in water for assembly of silk 
fibroin-rGO SA-LbL films.  Poor rGO solubility in water was overcome with extensive sonication 
and used quickly before sedimentation.  Despite the different reduction methods applied for high 
resolution AFM and ATR-FTIR, comparable reduction was achieved for both hydrazine vapor and 
solution rGO.   
Figures 10 and 11 show topographical AFM images of silk fibroin on fully reduced rGO.  Samples 
universally exhibited a dense layer of silk globules rather than individual or aggregated fibrils for 
all deposition conditions.  The globules are 3.85 ± 1.39 nm in height, an order of magnitude larger 
than fibrils observed on GO and comparable in size to the globules formed by concentrated silk on 
GO and micelles reported elsewhere.89  Morphologies observed here suggest that silk molecules 
previously observed as individual fibrils at 0.002 wt. % silk fibroin on GO have collapsed into 
single macromolecular bundles much like the morphology of non-sheared silk fibroin in 
solution.17,90   
 60
 
Figure 9: AFM topographical images of 0.002 wt.% silk fibroin morphology after dynamic 
casting on GO flakes on silicon wafer at 1000 (A), 2000 (B), 3000 (C), 4000 (D), 5000 (E), and 
8000 (F) rpm. Scale: 200 nm. Z range: 2 nm. 
Upon increasing the shear rate during casting, the globules exhibit the onset of assembly into 
bulbous, aligned structures.  Figure 10 of silk fibroin cast on rGO flakes via conventional SA-LbL 
at 8000 rpm seems to show the onset of filament assembly among silk fibroin molecules.  Globule 
diameter ranges 3.4-4.7 nm, though this measure is hard to discern due to dense foreground of 
globules around each individual structure (Figure 10).  Increased silk fibroin adsorption on rGO 
even at low concentrations can be credited to hydrophobic interactions between the hydrophobic 
rGO substrate and mostly hydrophobic silk fibroin.  Although silk fibroin resists extension on the 
hydrophobic substrate, shear seems to effect intermolecular assembly.  Protein macromolecules 
tend to adsorb more on hydrophobic surfaces due to inability of water molecules to adsorb on the 
surface and interactions between hydrophobic domains on the polypeptide chain.   
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Figure 10: AFM topographical images of 0.002 wt.% silk fibroin morphology after 
conventional SA-LbL on rGO flakes on a silicon wafer at 3000 (A), 5000 (B), and 8000 (C) 
rpm.  Scale: 500 nm. Z range: 7 nm (A), 11 nm (B), and 28 nm (C). 
Peak assignments for ATR-FTIR spectra of the silk fibroin-rGO interface are shown in Table 1 and 
Figure 12, respectively.  The results were analyzed with respect to amide I (C=O stretching, 1650 
cm-1), amide II (N-H deformation and C-N stretching, 1530 cm-1), and amide III (C-N stretching 
and N-H deformation, 1250 cm-1) regions of the IR spectra.  Amide III may also be used to 
determine the kinds of helices present in the material.  The second derivative of the IR spectra was 
used to identify the peaks. Each peak was fitted in accordance with the protocol established in 
David Kaplan’s lab, who were among the first to produce quantitative, high resolution IR spectra 
of silk fibroin.  
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Figure 11: AFM topographical images of 0.002 wt.% silk fibroin morphology after dynamic 
spin casting on rGO flakes on a silicon wafer at 1000 (A), 2000 (B), 3000 (C), 4000 (D), 5000 
(E), and 8000 (F) rpm. Scale: 500 nm.  Z range: 8 nm (A and C), 11 nm (B and E), 2 nm (D), 
and 12 nm (F). 
Unfortunately, the ultra-thin samples did not absorb Well in this area of IR so using deconvolution 
to determine shifts in particular helices was not feasible.  Both the amide I and amide II regions are 
used to discern shifts in β-sheet and random coil content.  Analysis of silk fibroin-GO and silk 
fibroin-rGO in the amide I and amide II regions shows a decline in β-sheet content when rGO is 
introduced.  This is indicated by decreased absorption in an amide II β-sheet peak at 1525 cm-1 
and increased absorption in amide I peaks attributed to random coils at 1537 and 1248 cm-1(Figure 
12).  Thus, the globules on rGO primarily consist of silk I secondary structure (random coils and 
helices).  
Further deconvolution of the amide I region allows for discernment of the relative quantities of 
various secondary structures in silk fibroin-rGO versus silk fibroin-GO.  Comparing spectra of silk 
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fibroin-GO and silk fibroin-rGO bilayers, the FTIR spectra shows a 48 % loss of β-sheet content 
in silk fibroin-rGO accompanied by a 52% increase in random coils (1635 and 1655 cm-1) and 50 
% increase in β-turns (1668 and1684 cm-1) (Table 1).   
Table 1: Wavenumber assignments for secondary structures from FTIR measurements. 
 
Helices (1660 cm-1) exhibit a marginal decrease for silk fibroin on rGO compared to GO.  
Hydrophobic silk fibroin-rGO interactions and silk on silk interactions resisted shear-induced 
crystallization.  These results differ greatly from the structure of pure silk fibroin.  The observed 
conformational shift from the typically β-sheet dominant secondary structure of pure silk to mostly 
amorphous random coils and helices results from rapid adsorption onto rGO surface when the 
solvent quickly shears off the surface during spin casting.  
Our experiments on how silk fibroin morphology and secondary structure may be tuned via 
substrate chemistry and shear stress can be summarized as follows.  Interfacial interactions with 
hydrophilic GO and SiO2 surfaces induced the formation of β-sheets that aligned into linear 
assemblies.  Enhanced interactions with hydrophobic rGO substrates led to poor initial wetting of 
the surface by the aqueous silk fibroin solution so that silk I secondary structure was preserved.  
Thus, simulations were used to study the interplay of noncovalent interactions behind these 
phenomena using MD simulations.  MD simulations were used to identify the major noncovalent 
interactions, the time scale of their effects, and their impact on silk fibroin morphology. 
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Figure 12: ATR-FTIR spectra of silk fibroin (A), silk fibroin-GO (B), and silk fibroin-rGO 
(C) in the amide 1 region. The amount of each secondary structure in each sample calculated 
from peak area of their respective peaks is given in (E). 
1.10.3 Simulation Compliance with Experiment 
Graphene, as an ideal fully hydrophobic surface with uniform composition and low roughness, and 
GO with a constant oxygen coverage were simulated because they can be rendered and have 
comparable surface composition to the fully reduced rGO and GO used in experiment (Figure 13)  
For MD simulations a typical 258 amino acid Bombyx mori protein folded sequence was placed 
within a few angstroms of graphene, GO, and SiO2 surfaces solvated in water.  As shown in   
Figure 12Figure 12, after extensive simulation time, most of the amino acid groups are located 
near the graphene surface indicating partial unfolding dynamics from ordered helices and β-sheets 
to random coils and strong adsorption onto the graphene surface.  Due to strong interactions 
between silk and graphene, the height of silk fibroin on the surface also becomes lower (down to 
2.3 nm) than that of β-sheet crystal structure dimensions (~ 4.0 nm) or that on other surfaces (~ 3.0 
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nm) (Figure 13).  In contrast, the secondary structure of silk fibroin remains unperturbed on both 
GO and SiO2 surfaces.   
The average height of silk structures on both GO and SiO2 surfaces are like that of β-sheet crystal 
structures.  Identical results are observed in density profiles of silk atoms along x-axis (Figure 13): 
silk structures on GO and SiO2 are similar to their initial structures, whereas this structure is 
disrupted on the graphene surface, especially residues adjacent to the backbone tails.  The major 
secondary structure of Bombyx mori silk is β-sheet and turn conformations.  However, our 
simulation result shows that β-sheet regions of silk tend to be lost when silk is attached to graphene.   
 
Figure 13: (A) Density profile of silk atoms normal to the graphene (black), GO 20% (blue), 
SiO2 (red), and the initial silk structure on GO 20% (green dashed line). (B-E) Final snapshot 
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of each case in (A). (F) Density profile of silk parallel to the surfaces where the initial and 
current structures are indicated by red and black lines, respectively.  
Figure 14Figure 14 shows temporal evolution profile for ordered structures and random coils, 
where ordered structure includes β-sheets, β-turns, and a small portion of helices.  On the graphene 
surface, the percent of ordered structures gradually decreases as time passes, while the percent of 
random coils increases.   
 
Figure 14: (A) Temporal profile of the percentage of random coils (black) and ordered 
structures (gray) in the silk structure. Yellow and red lines passing through the black and 
gray lines indicate the averaged values of the percentage of random coils and ordered 
structure, respectively. (B) β-sheet content per silk residue.  
This trend is in a good agreement with our experimental results where a decline in β-sheet content 
and increase in random coil structure was exhibited by silk fibroin on rGO.  The percentage of 
ordered structures also decreases in the case of SiO2 surface at around 5 ns, however the overall 
silk fibroin secondary structure is maintained.  In the case of the GO surface, random coil content 
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decreases and ordered structure increases as a function of time.  Interestingly, there is a significant 
loss of β-sheet structures when silk fibroin is attached on either graphene or SiO2 (Figure 14).  In 
these cases, only a few regions are maintained as β-sheet structures and most of the β-sheet regions 
turned into other structures.  However, these β-sheet structures are maintained Well on the GO 
surface (Figure 14).  
Changes in silk fibroin secondary structure on the various substrates plotted in Figure 15 shows a 
small increase in β-sheets and over 5 % decrease in random coils on GO.  On the other hand, SiO2 
and graphene surface prompts an about 10 % increase in random coils content and decrease in β-
sheets content.  When compared to experimentally observed charges in the secondary structure of 
silk fibroin (Figure 15), identical trends are observed in both graphene and GO cases, except for 
turn structures.   
 
Figure 15:  MD simulation (A) and experimentally (C) observed changes in the secondary 
structure of silk on three different surfaces: graphene (rGO for experimental results), GO 
with 20 wt. % oxygen coverage, and SiO2. 
Therefore, it is expected that GO can stabilize entire secondary structures, however, additional 
shear stress, which is not considered in our MD simulation, can facilitate intermolecular assembly 
so that less stable turn structures can interact with a part of helix or β-sheet structures forming more 
stable β-sheets or helices.  Overall, the GO surface not only stabilize the secondary structure of silk 
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but also promotes recovery from disordered structures to ordered secondary structures.  On the 
other hand, decrease in entire ordered structures and significant loss of β-sheet structures are 
observed in graphene and SiO2 surface cases as will be discussed further.  
1.10.4 Non-bonded Interactions and Protein Synthetic Surface Interfaces   
Non-bonded interactions, such as van der Waals and electrostatic contributions were evaluated for 
GO, SiO2, and graphene, once again, serving as an analogue for surfaces used in experiment.86  
As shown in Figure 14, silk fibroin interacts with the graphene surface via van der Waals 
interactions as there are no functional groups for electrostatic interactions.  This assumption agrees 
well with reality given low functionalization of rGO (see above).  However, unlike the graphene 
surface, the combination of electrostatic and van der Waals contributions play a role in the 
interactions between silk fibroin-GO and silk fibroin-SiO2.  Enhanced van der Waals contributions 
are observed in silk fibroin-SiO2 interactions whose energy is almost equivalent to silk fibroin-
graphene interactions.      
 
Figure 16: Temporal profiles of the number of internal hydrogen bonds for silk protein on 
graphene (left), GO (center), and SiO2 (right) surface, where values for silk and silk-surface 
hydrogen bonding are represented by black and gray lines, respectively. Average values are 
for silk and silk-surface hydrogen bonding are shown in yellow and red lines, respectively.  
Table 2: Rate of forming hydrogen bonds between silk protein and various surfaces 
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As shown in the shaded regions in Figure 16 and summarized in Table 2, the fastest rate of hydrogen 
bonding between silk and surface are observed in the GO surface.  In the other two cases, silk – 
surface hydrogen bonding occurred less and at slower rates on SiO2 due to strong van der Waals 
interactions, and no hydrogen bonds with graphene are observed between silk and graphene due to 
negligible electrostatic contributions.  Overall, the simulation results suggest that balanced 
combinations between electrostatic and van der Waals contributions could be important factors in 
stabilizing protein conformation as well as restoring their ordered structures.  Strong van der Waals 
contributions for interfacial interactions play a significant role in losing and disrupting secondary 
structures of silk fibroin as shown in both graphene and SiO2 cases.  Moreover, as shown with 
SiO2, strong van der Waals contribution can lead to a loss of secondary structure.   
1.10.5 Role of silk fibroin heavy chain in adsorption and assembly 
The silk fibroin backbone is 64% hydrophobic heavy chain and 6% hydrophilic light chain (15), so 
the heavy chain is assumed to dominate silk interfacial interactions.  Generally, all twenty amino 
acids are present in the heavy chain, where 20% are polar and 80% are nonpolar.  Glycine (Gly, G) 
and alanine (Ala, A) account for 75% of the sequence.  Figure 1 lists the amino acids present and 
denotes their polarity, hydropathy, charge, aromaticity, and characteristic nonbonding 
interactions.122  Gly has no side chain and is considered hydrophobic as is Ala which has a methyl 
side chain.  Together they form GAGAX, GAGX, GAAX motifs where X is serine, a neutral polar 
amino acid that forms hydrogen bonds.  The heavy chain also has considerable quantities of 
tyrosine (Tyr, Y), valine (Val, V), threonine (Thr, T), phenylalanine (Phe, F), glutamic acid (Glu, 
E), and aspartic acid (Asp, D) (in order of greatest abundance).  Other than when Val, these amino 
acids either hydrogen bonding (Tyr, Thr, Phe) or form salt bridges (Asp or Glu).  Tyr, Val, and Phe 
confer silk a propensity for β-sheets, while Aps and Glu have a high propensity for helices.123    
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Figure 17. A schematic listing the amino acids in the silk heavy chain, categorized by 
hydropathy, polarity, charge, and tendency for nonbonding interactions. 122 
Table 3 denotes the abundance of all amino acids in the silk backbone and their most likely 
interactions with other silk molecules, SiO2, GO, and rGO.  The colors indicate the following: red 
– electrostatic repulsion, green – electrostatic attraction, blue – van der Waals attraction, and yellow 
– hydrogen bonding. Partial translucence indicates that the presence of a specific nonbonding 
interaction but to a lesser extent.124  Although the heavy chain is mostly hydrophobic, over 20% 
of the amino acids have polar or aromatic side groups that enable silk to adsorb to hydrophilic, 
polar surfaces like SiO2 and GO as well as mediate substrate sensitive assembly.  Silk molecules 
hydrogen bond, form salt bridges, and exhibit van der Waals attraction to other silk molecules and 
to assemble into β-sheets as well as helices and random coils.  GO flakes have an anionic, polar 
surface with oxide functional groups, and each flake consists of an aromatic lattice.   The surface 
can engage in hydrogen bonds, salt bridges, and π-stacking with hydrophobic and hydrophilic 
moieties thanks to its heterogeneity and local amphiphilicity.  This makes for strong inter-sheet 
intermolecular bonds as well as GO-silk bonding.  
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Table 3. The amino acid composition of Bombyx mori heavy chain and their potential 
nonbonding interactions with silk, SiO2, GO, and rGO. 
 
Initially, silk deposited on GO exhibits the hydrophobic effect and electrostatic repulsion between 
Glu and Asp and GO surface, which spur silk assembly to insulate hydrophobic moieties and inhibit 
silk adsorption, respectively.  The hydrophobic effect would drive the amphiphilic silk backbone 
to fold with hydrophobic, β-sheet forming residues internally facing and available to form stable 
ordered secondary structures.  Hydrophobic, nonpolar groups exposed to GO would be able to 
engage in van der Waals interactions with hydrophobic regions on GO surface.  Externally facing 
aromatic and hydrophilic, neutral and basic groups would be available for hydrogen bonding and 
electrostatic attraction to the GO surface.  The local amphiphilicity of silk and GO allows silk to 
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adsorb in extended morphology through hydrogen bonding and electrostatic attraction and form 
stable ordered secondary structures.  
As on GO, silk would exhibit electrostatic repulsion overcome through hydrogen bonding.  
However, SiO2 has a homogenous anionic, hydrophilic surface thanks to piranha treatment prior 
to silk deposition, so there would be less electrostatic attraction and hydrogen bonding from acidic 
and hydrophobic groups that could adsorb to discrete regions of less acidity and hydrophobicity on 
GO flakes.   
Silk adsorbs on rGO with significantly less ordered secondary structure and at higher density.  The 
rGO flake surface is anionic, has heterogeneity, and largely hydrophobic due to removal of most 
oxygen containing functional groups.  Silk is drawn to the surface via van der Waals attraction and 
the hydrophobic effect.  Silk has a mostly hydrophobic backbone, so most of the chain would be 
able to adsorb and noncovalently bond to the rGO surface.  Hydrophobic, β-sheet forming residues 
would then be less available for inter and intrachain bonding that stabilize β-sheets.  And, 
hydrophobic, polar residues would be unable to hydrogen bond to rGO, inhibiting silk extension 
into ordered secondary structures.  Thus, silk adsorbs to rGO in a dense layer of aggregated, 
amorphous secondary structure molecules due to the inability to hydrogen bond to the surface. 
In summation, van der Waals attractive forces drive adsorption of silk in disordered conformations. 
Electrostatic attraction and hydrogen bonding between silk and the surface enable protein 
adsorption and promotes silk extension into ordered secondary structures. Spin casting further 
enhances silk extension to enable fibril formation. The inability to hydrogen bond with nonpolar 




Reconstituted silk fibroin interfacial interactions in composites and the contributions of these 
interactions to overall composite strength and utility have been explored.  Reconstituted silk fibroin 
was spun cast on GO, rGO, and SiO2 at various concentrations, spin dynamics and speeds to study 
the effects of hydropathy, shear applied during composite preparation, and adsorption time relevant 
to laminated nanocomposite assemblies.  This work shows what happens to reconstituted silk 
fibroin at the interface of silk fibroin-GO composites and how reduction to rGO (for conductive 
nanocomposites) effects silk fibroin morphology and interfacial interactions.  The applied shear 
has been shown to significantly alter reconstituted silk fibroin secondary structure with changes 
being most notable at low silk fibroin concentrations.   
Across the various reconstituted silk fibroin concentrations, three different self-assembled 
structures were observed.  At high concentration (0.2 wt. %), reconstituted silk fibroin aggregates 
into uniform globules with average diameter of 19 nm, comparable in size to micelles reported 
elsewhere for reconstituted silk fibroin around this concentration in solution after several days of 
incubation.  Then, upon reducing solution concentration by an order of magnitude (0.002 wt. %), 
reconstituted silk fibroin has more globule-like micelle morphology with interspersed structures 
like proto-fibril seeds.  Reconstituted silk fibroin readily forms single molecule proto-fibrils at 
0.002 wt. % characterized by β-sheet structures.  
Reconstituted silk fibroin-GO electrostatic interactions and hydrogen bonding stabilize the 
crystalline structure, while the inability of reconstituted silk fibroin suspensions to fully It rGO 
surfaces preserves random coils and helices characteristic of its solution state which is then locked 
in place by rapid solution removal when spun dry.  The hydrophobic substrate renders reconstituted 
silk fibroin impervious to shear or dilution induced elongation.  Moreover, simulation results 
provide molecular-level insight into understanding the dynamics and interactions of silk fibroin on 
substrates with different surface chemistry and the concurrence of experiment with simulation has 
enabled investigation of intermolecular interactions acting at the interface of silk fibroin and the 
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substrate at the point of initial surface adsorption.  This combined with the lack of differentiation 
in morphology when different spin speeds for samples prepared at the same concentration and on 
the same substrate show the importance of initial surface adsorption on overall interfacial 
interactions in the SA-LbL composite samples.  
In summary, the results show that protofibrils form at low concentrations while variance in the 
deposition speed has little effect on silk secondary structure and morphology.  However, balanced 
non-bonded interactions between electrostatic and van der Waals contributions can lead to silk 
secondary structure retention on the GO surface.  Molecular dynamics simulations of silk fibroin 
at different surfaces show that strong van der Waals interactions play a pivotal role in losing and 
disrupting secondary structure on graphene and SiO2 surfaces.  Fine tuning silk fibroin structure 
on heterogeneous graphene-based surfaces paves the way towards development of biomolecular 
reinforcement for biopolymer-graphene nanocomposites. 
 
 75
PROTEIN ASSEMBLY AND NANOCOMPOSITE TOUGHNESS 
1.12 Overview 
The findings from Chapter 4 were applied to improve GO nanocomposite design through 
manipulation of reconstituted silk fibroin secondary structure and morphology adjustments.  Silk 
secondary structure is highly susceptible to shear-induced elongation and reordering into β-sheets 
on hydrophilic substrates.  By incorporating synthetic layers of mixed hydropathy, one may control 
the ability of silk fibroin to hydrogen bond with heterogeneous substrates.  Overall crystallinity and 
β-sheet arrangements can be tuned but high β-sheet content alone does not facilitate stress 
distribution which is required to improve robustness and toughness.  Here, ultrathin, robust silk 
fibroin-GO nanocomposite were fabricated using SA-LbL.  This chapter probes how shear inducing 
silk fibroin crystallization imparts added mechanical reinforcement to silk fibroin-GO laminated 
composites. silk fibroin assembly was captured using high resolution AFM complimented by ATR-
FTIR. Mechanical effects were quantified using a bulging apparatus.  
Laminated nanocomposites were prepared via dSA-LbL assembly of bilayers of silk fibroin 
confined between reinforcing GO flakes.  Attenuated total reflectance FTIR indicated increased 
crystalline β-sheet content in silk fibroin secondary structure for dSA-LbL nanocomposites.  
Enhanced surface interactions resulting from rapid solution removal during dynamic spinning 
yielded outstanding mechanical properties. The mechanical properties of GO-silk fibroin 
nanocomposite were characterized by the bulging technique, from which the tensile modulus of 
170 GPa, the ultimate strength close to 300 MPa, and the toughness above 3.4 MJ m-3 were 
determined, being all exceptional characteristics.  The failure modes observed for these membranes 
suggested the self-reinforcing mechanism of adjacent GO sheets with strong binding 2-nm-thick 
silk interphase of individual backbones.   The failure analysis by high-resolution TEM further 
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uncovers three hierarchical failure modes that promote the toughness by dissipating the rupture 
energy: compliant crack initiation, yield failure, and rupture propagation. This reinforcement leads 
to the effective load transfer between the GO components and introduces novel reinforced 
laminated nanocomposite materials with excellent mechanical strength that surpasses those known 
today for conventional flexible laminated carbon-based polymeric nanocomposites. 
This chapter contains portion of a manuscript by Y. Yin, A. Grant; Y. Zhang, and V. Tsukruk; 




Preparation of reconstituted silk fibroin. Silk fibroin was extracted from Bombyx mori silkworm 
cocoons as described in Chapter 3 then diluted to 0.02 wt. % and refrigerated at 5 oC. 
Preparation of GO. GO flakes were prepared as discussed in Chapter 3 then diluted to 0.04 wt. % 
and spin cast for AFM and FTIR characterization. 
Sample fabrication. Films were prepared via dSA-LbL on a sacrificial substrate.  First, 2 wt. % 
polystyrene in toluene was spin-coated onto clean silica wafer. Then, 0.02 wt. % silk was deposited 
via conventional and dSA-LbL at 2000 rpm followed by the deposition of 0.04 wt. % GO at 3000 
rpm. Then, this forms a single bilayer, and these steps repeated until the desired thickness reached. 
High resolution atomic force microscopy. The sample topography was probed as discussed in 
Chapter 3 using ultrasharp tips with resonance frequency 325 kHz and spring constant 40 N m −1.  
Samples were characterized at 1, 5, and 20 µm with pixel sizes of 1, 5, and 40 nm, respectively.   
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ATR-FTIR. Silk fibroin and GO were deposited layer-by-layer onto a silicon ATR crystal while 
via dynamic and conventional SA-LbL. Analysis was conducted as discussed in Chapter 3.  
Bulging test. Bulging tests were performed as discussed in Chapter 3.  
 
1.14 Results and discussion 
1.14.1 Fabrication and Morphology of Nanocomposite Membranes 
Laminated nanocomposites were fabricated via silk deposition between GO layers by traditional 
SA-LbL on a static substrate and dSA-LbL on a spinning substrate. Unlike SA-LbL, dSA-LbL uses 
rapid solvent removal to stretch and quench silk fibroin to a substrate (Figure 17). At 0.02 wt. % 
silk solution and spin speeds as low as 2000 rpm, silk forms full uniform monolayers of elongated 
silk molecules on GO flakes. As demonstrated in the previous section, SA-LbL of higher 
concentrations of silk fibroin produced amorphous multilayers of bundled silk fibroin. And, higher 
spins speeds made too diffuse layers. Approximately 2 s was allowed for deposition to ensure the 
complete removal of the solvent and the fixation of the molecules.  The substrate was spin cast for 
another 20–25 s before the next layer was deposited. Therefore, the optimal spinning condition for 
silk fibroin layer was determined to be 2000 rpm with 45 s between depositions. The solution 
concentration was limited to 0.02 wt. % because higher viscosity adversely affects the film 
uniformity. It is critically important that with the substrate vigorously spinning the silk solution 
spreads fast and the solvent evaporates in milliseconds, resulting in the major difference and 
advantage over the conventional LbL techniques as discussed below.90 High-resolution AFM 
height images in Figure 17 show the uniform surface distribution of the silk biomacromolecules 
without signs of significant aggregation (Figure 17). Note that samples were diluted to produce the 
images shown.  
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Figure 18: Morphologies of the stretched silk fibroin on GO surfaces. (a, b) Survey and high-
resolution AFM images showing the uniform distribution of silk fibroin molecules without 
significant aggregation or entanglement (z-scales: 2 nm). (c–f) Cross-sectional profile of the 
single molecules from the color-coded lines in (b). 
Silk deposited by conventional SA-LbL exhibits aggregation into nanofibrils, bundles, and 
globules, whereas silk forms a dense network when deposited by dSA-LbL. The diameter of dSA-
LbL silk backbones was measured to be 0.8 ± 0.2 nm, which is close to the natural diameter of silk 
backbones with occasional bulky side groups of amino acids (Figure 18). The unfolding and 
stretching of the silk backbones by the dynamic deposition process is critically important for 
exposing the polar moieties along the backbone and forming high-density hydrogen bonding and 
other attractive like interactions between individual segments of the silk backbones and the GO 
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surfaces with random distribution of oxidized functionalities. Such maximization of interfacial 
interactions results in strong anchoring of the individual biomacromolecules to GO surface. 
In addition, the molecular secondary structures of silk under the dSA-LbL processing have also 
altered significantly. High-resolution deconvoluted FTIR spectra of the silk fibroin after the two 
different type of spin coatings has been presented in Figure 18. The vibrational bands centered at 
around 1625 and 1680 cm–1 have been assigned to the antiparallel β-sheets and β-turns, 
respectively, which are corresponding to the crystallinity of the silk; the bands around 1659 and 
1646 cm–1 are from the vibrations of the α-helices and random coils of the silk chains, 
respectively.121 From the comparison of the secondary structure composition resulted from the 
dSA-LbL and the conventional SA-LbL shown in Figure 18, it is clear that the dSA-LbL assembly 
transformed around 20% of the random coils to β-turns, indicating a higher crystallinity induced 
by material shearing. And the increased fraction of β-turns in the crystallized portion of silk also 
suggests a less ordered crystallinity, incurring the quenching effect of the dSA-LbL deposition as 
will be discussed in detail elsewhere.  
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Figure 19: FTIR spectra of the silk spun using the (a) conventional SA-LbL and (b) dSA-
LbL. (c) Peak assignment of the FTIR spectra. (d) Composition of the secondary structures 
of the silk. 
The GO-silk fibroin dSA-LbL laminated composites fabricated for mechanical analysis had 15-
bilayers forming a 45 nm thick membrane. The average bilayer thickness for dSA-LbL silk was 3.1 
± 0.4 nm, less than that of traditional SA-LbL films.32 The thickness of films was also 
independently confirmed by ellipsometry measurements, and LbL confirmed by linear increase in 
membrane thickness with each bilayer added. The root-mean-square surface microroughness, as 
measured within an area of 1 μm × 1 μm, was 5.1 ± 2.9 nm, like that of GO–silk fibroin multilayered 
films previously studied in the Tsukruk research group.32 
Multipeak fitting of XRD data also confirms the decrease thickness (Figure 19). The broad peak at 
2.6° represents the first-order diffraction peak with the average spacing of 3.3 nm that corresponds 
to the data obtained from AFM and ellipsometry. The diffuse halo at 5.5° suggests 1.5 nm 
interplanar distance within β-sheet nanocrystals.3 Using the Scherrer equation, the estimated 
stacking number of  the GO–silk fibroin bilayer structure was about 8 for the 70-bilayer film, 
indicating a partially ordered layering.125  The β-sheet nanocrystals were about 3.2 nm in 
thickness.15 
1.14.2 Mechanical Properties from Bulging Experiments 
The mechanical properties of the GO–silk fibroin nanocomposites were characterized using the 
bulging technique, which was pioneered for mechanical analysis of freestanding ultrathin 
films.3,109,126,127,128,129,130  GO-silk fibroin membranes were suspended over a 300 µm 
diameter aperture. Puffs of air were applied to the membrane, and its deformation recorded by an 
interferometer.  This experiment produced stress-strain data using a known procedure.32 Young’s 
modulus, ultimate strain, ultimate stress, and toughness were derived from this data. The ultimate 
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strain and stress were recorded at the maximum deflection for the nanocomposite membranes 
before the breaking point (Figure 23). 
 
Figure 20: Structure and composition of the GO–silk fibroin nanocomposite membrane. (a) 
AFM image and height profile of film edge (z-scale: 350 nm) showing the 45 nm thick GO–
silk fibroin nanocomposite membrane on top of the 103 nm thick sacrificial PS layer. (b) 
Ellipsometry data show that the thickness of the membranes increases linearly with the 
number of the GO–silk fibroin bilayers assembled. (c) XRD data and peak fitting of a 70-
bilayer GO–silk fibroin dSA-LbL membrane on silicon wafer. The silicon wafer background 
is subtracted. (d) XPS of the-e GO–silk fi-broin nanomembranes in comparison with that for 
pure silk films. 
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Figure 21: (a) Optical image of the GO–silk fibroin nanocomposite membrane suspended 
across a 300 μm copper aperture. (b) Interference pattern on the deflected membrane during 
bulging measurement. (c) SEM image of the freely suspended nanomembrane before and (d) 
after bulging measurements (the membrane is fractured). 
Stress-strain data was calculated from data in Figure 21. Silk deposited by dSA-LbL and SA-LbL 
had elastic moduli of 12 ± 1 GPa and around 10 GPa, respectively. Their difference in modulus 
illustrates the strengthening induced by preferential silk fibroin assembly when deposited by dSA-
LbL.32  Calculated moduli were fitted with the Halpin-Tsai model as it models for randomly 
oriented nanoparticles within a matrix like β-sheet crystals are nanoconfined with the silk fibroin 
amorphous matrix.9,131 The Young’s modulus of random silk fibroin (silk I) and β-sheet crystals 
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is 4–5 GPa and around 22 GPa, respectively; thus, β-sheet crystal content is at about 63% (18% 
greater than ~45% β-sheets for silk in traditional SA-LbL films).3,15 
 
Figure 22: (A) Dependence of the Young’s modulus of the GO–silk fibroin nanomembranes 
upon the volume concentration of GO. (B) Sigmoid decay curves for bulging tests at the 
interphase region. (C) Dependence of the effective Young’s modulus of the silk layer on the 
thickness of the silk fibroin laminates. The dashed line is the fitted curve using the interphase 
reinforcement model. (D) Variation of the Young’s modulus for membranes with different 
thicknesses. 
The dSA-LbL GO-silk fibroin membranes had a Young’s modulus of 171 ± 6 GPa at 24 vol.% GO 
loading, 15 times greater than SA-LbL GO-silk fibroin membranes (Figure 21). When reported in 
2015, this was the highest value of the elastic modulus ever reported for flexible nanocomposites 





Each stress-strain curve shows characteristic plastic deformation, wherein initial loading causes 
elastic deformation then yields to before ultimate fracture (Figure 22). Increased GO loading, 
increases ultimate stress and strain in all samples as expected. However, dSA-LbL membrane 
ultimate strength is higher than those values reported for the conventional SA-LbL films thanks to 
their increased reinforcement and stretch ability (Figure 22). This improvement can be accredited 
to the effective corporation of the strong and flexible sheets and the improved stress transfer 
induced by the enhanced interphase zone between components. Toughness at 24 vol.% GO loading 
for dSA-LbL films was 3.4 MJ m–3, greater than that of SA-LbL (Figure 22) and similar graphene-
based nanocomposites produced about the same time.3,129,136  
 
Figure 23: (a) Representative stress–strain curves derived from the bulging tests and (b) the 
ultimate strain, (c) the ultimate stress, and (d) the toughness as a function of the GO 
concentration for GO–silk fibroin nanocomposite membranes fabricated here as compared 




In summary, ultrathin silk fibroin–GO nanocomposite membranes with remarkable mechanical 
properties were fabricated by using the novel dSA-LbL assembly. Uniquely realized by the dSA-
LbL, the strong interactions between stretched silk backbones and GO surface lead to effective load 
transfer between components with the interphase reinforcement. The silk–GO membranes with 
modest volume fraction of GO sheets show the elastic modulus above 170 GPa and a high 
toughness of 3.4 MJ m–3 due to 3-fold increase in the ultimate deformation as compared to 
conventional LbL membranes with similar chemical composition.  The dense network of like 
interactions between the individual silk fibroin chains and GO surfaces facilitates the formation of 
strong molecular interphase zones of confined individual silk backbones, thus dramatically 
enhancing the reinforcing effect. These strong and flexible ultrathin membranes in their freely 
standing state can be valuable for prospective applications in sensing devices, protective molecular 
coatings, biological and chemical filters, cell protection and support, membranes for separation and 
delivery, energy harvesting, and ion separation. 
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SUCKERIN-12 AQUEOUS TOUGHENING 
1.16 Overview 
The Humboldt squid is one of the fiercest marine predators thanks in part to their sucker ring teeth 
that are biopolymer blends of a protein isoform family called suckerin.  The suckerin polymorphs 
exhibit high compression strength that rivals that rivals silkworm silk. This work focuses on the 
suckerin-12 isoform to understand what makes this biopolymer tough, particularly in water, and 
the potential role of ion crosslinking in accordance with Hofmeister series principles. By choosing 
a proper salt post-treatment, film stability was achieved with salt annealing that is comparable to 
chemical crosslinks.  Stable films of suckerin-12 were formed by spin assisted deposition and 
crosslinked using horseradish peroxidase or via salt annealing for mechanical analysis.  By 
correlating the film morphology with the protein secondary structure changes suckerin-12 films 
were shown to contract upon treatment with kosmotropic salts and exhibit increased stability as if 
chemically crosslinked. This strength and morphological change are coupled with rearrangement 
of suckerin-12 secondary structure from random coils and helices to β-sheets.  Overall, refining 
protein film stability via controlled transformation of the secondary structure caused by changing 
ionic environment with established trend can be instructive for the ultimate tuning of the suckerin 
film sclerotization and converting to tough biological materials.  
This chapter contains portions of a manuscript in preparation by A. Grant, M. Krecker, M. Gupta, 
M. Crosby, and V. Tsukruk; entitled Enhancing marine protein stability via Hofmeister salt 




Suckerin preparation. Suckerin-12 expression plasmids was obtained from Genescript.  
Horseradish peroxidase and Hofmeister salts (NaC2H3O2, Na3C6H5O7, Na3PO4, Na2SO4) were 
obtained from Sigma Aldrich. Then, suckerin-12 expression and purification were conducted as 
discussed in Chapter 3.   
Sample preparation. Thin films of suckerin-12 were prepared via spin casting at 3000 rpm for 30 
s. First, polystyrene (PS) at 2 wt. % was spun cast onto a silicon wafer as a sacrificial layer. Then 
suckerin-12 was drop and spun-cast at 1 and 3 wt. % to produce homogenous films. Free standing 
films were made by spin casting on a PS layer. Half of the samples were then crosslinked using a 
solution of 40 units/mL HRP and 0.02 v/v % of H2O2. The sample was covered in the HRP – H2O2 
solution then left in a humid environment at ambient temperature for 24 hr. The samples were then 
rinsed with 18 MΩ cm Millipore water and allowed to dry in air. Crosslinked and uncrosslinked 
films of suckerin-12 were treated with Hofmeister salts at 200 mM for 1 hr then rinsed off with 
Millipore water and air dried.  
Surface spectroscopy. Suckerin-12 secondary structure and chemical composition were evaluated 
using FTIR and XPS as discussed in Chapter 3.  
Scanning mechanical, topographical, and optical spectroscopy. SPM of suckerin-12 morphology 
and modulus properties were captured as discussed in Chapter 3 for AFM, QNM, and FDS.   
Sample thickness was measured using AFM of scratched and a Woollam M2000U variable-angle 
spectroscopic ellipsometer with a wavelength range of 245–1000 nm. Generally, a Cauchy model 
was applied to model the 620-1000 nm region of the optical spectrum.111  Optical images were 




1.18 Results and discussion 
1.18.1 Concentration and deposition mode dependent film formation. 
The hexahistidine-tagged suckerin-12 isoform (His-suckerin-12) was used in this study because of 
its relatively high expression levels in E. coli as discussed in a recent study (Figure 1).47  Initial 
experiments sought to determine the effects of protein suspension concentration (1 and 3 wt.%)  
and deposition mode (drop versus spin cast) on suckerin-12 film morphology. Figure 23 shows 
AFM topographical images of drop and spin cast suckerin-12 at 1 wt. %.  Both films exhibit a low 
microroughness, grainy texture under both conditions with fewer large aggregates observed after 
spin casting. The drop and spin cast films had a root mean square (RMS) roughness of 0.40 ± 0.08 
nm and 0.40 ± 0.08 nm, respectively.  For all roughness measurements quoted below, RMS 
roughness was measured from 1 um2 surface areas at five different points in 5 um topographical 
images.  
Spin assisted deposition was used to prepare homogenous films from 3 wt. % suckerin-12 formation 
with few large aggregates.  At this higher concentration, the film surface is composed of densely 
packed globules and aggregates with larger-scale surface modulations not seen at 1 wt.% (Figure 
23). Phase images show no phase separation of films deposited, suggesting that the suckerin films 
were homogenous and stable after film formation and drying (Figure 41). Optical images taken 
during the film deposition process also depict relatively homogenous surface and the de-wetting 
pattern observed in AFM (Figure 42). The large-scale modulation indicates an initial de-wetting 
which is arrested during drying.  The average roughness of the 3 wt. % suckerin film is six-times 
greater (1.8 ± 0.1 nm) than 1 wt.% film, which reflects some reorganization of surface morphology. 
Given that RMS roughness is measured in areas smaller than the overall modulation periodicity 
(microns), the measurement represents the local microroughness of the densely packed 
biomacromolecules. The higher viscosity of the 3 wt.% suspension likely causes the increase in 
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microroughness and partially de-wetting observed (Figure 23).  Overall, 3 wt.% was the highest 
concentration at which the solution is spinnable and forms a uniform thin film, so it was used for 
further studies into salt annealing and enzymatic crosslinking.  
 
Figure 24. AFM topographical images of suckerin-12 at 1 wt.% when drop cast (A) and spun 
cast (B) as well as spin cast suckerin-12 at 3 wt.% (C) with an inset (D) to show surface 
modulations. Scale: 1 um (A, B, D) and 4 um (C). Z range: 5 nm (A and B), 52 nm (C), and 
40 nm (D). 
ATR-FTIR was used to characterize the changes in secondary structure that accompany the 
morphological effects discussed above (Figure 24).  ATR-FTIR spectra analysis focused on shifts 
in absorption at the amide 1 peak (1600-1700 cm-1) because it represents amine bonding and 
exhibits individual peaks for characteristic secondary structures, i.e. β-sheets (1622-1637 and 1697-
1703 cm-1), random coils (1638-1655 cm-1), α-helices (1656-1662 cm-1), β-turns (1663-1696 cm-
1), and β-sheets/aggregates (1605-1621 cm-1) (Figure 24). The secondary structure composition of 




associated with the features previously listed then fit them to the data using a Guassian 
function.32,121  β-sheets, β-turns, and helices are ordered structures found in more crystalline 
materials, and each is stabilized by hydrogen bonds. Random coils are amorphous secondary 
structures. The ratio of crystalline motifs (β-sheets, β-turns, and helices) to amorphous motifs 
(random coils) represents relative crystallinity. By tracking the shift in distribution of these motifs, 
it was possible to better understand the mechanism driving their change and self-assembly. Drop 
cast suckerin-12 has a largely helical secondary structure with -sheets, random coils, and -turns 
in the minority (listed in order of highest prevalence).  Neat suckerin-12 exhibits a max at 1650 
cm-1 (random coils) and secondary shoulder over 1625 cm-1 (β-sheets) and 1660 cm-1, which 
indicates semi-crystalline secondary structure. At the same time suckerin-12 film roughness and 
aggregation appearance reduce, ATR-FTIR shows an accompanying increase in film crystallinity 
(Figure 24).  Furthermore, circular dichroism (CD) was conducted to verify observations from 
ATR-FTIR, similarly in Figure 24, CD curves exhibited a deep trough at 220 nm that suggests a 
heightened presence of random coils (dip at 205 nm) and helices (troughs at 203 and 223 nm).  CD 
of spin case suckerin-12 exhibits a peak at 190 nm and trough at 210 nm, which are characteristic 
of β-sheets, along with a slight shoulder at 205 nm that indicates the presence of random coils.  
Considering the spectroscopic and morphological analysis together, these results suggest that 
suckerin-12 undergoes shear induced crystallization when spin cast which is characterized by 
decrease in both film roughness and presence of large aggregates.  The morphological and structural 
effects observed are in good agreement with previous studies on semi-crystalline structural 
proteins, i.e. silk fibroin during deposition from solution.17,137 Additionally suckerin-12 reacts 
similarly to silk fibroin when spun, stretching from amorphous random coils to organize in ordered 
structures like β-sheets and locked into place via rapid solvent removal.22  The susceptibility of 
suckerin-12 to shear induced crystallization also suggests that suckerin-12 could form crystalline 
nanotubular assemblies as observed in cross-sections of sucker ring teeth where they provide 
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additional film reinforcement.137 In spite of the structural changes observed, suckerin-12, which 
readily dissolved in water when drop cast, achieved only partial stability after spin casting. This 
was verified by submerging the suckerin-12 drop and spin cast films in DI water for several minutes 
then checking for changes in its thickness and coloring, which would indicate surface erosion and 
changes in film thickness.  
 
Figure 25. ATR-FTIR and CD spectra of drop (A) and spun cast (B) suckerin-12 where 
subpeaks are should under the overall convoluted amide 1 peak to show how FTIR spectra 
were analyzed for this study. The secondary structure in each sample calculated from peak 
area of their respective peaks is given in (C). Circular dichroism was conducted to 
corroborate the ATR-FTIR spectra (D).  
1.18.2 Using thermal vapor annealing to drive self-assembly. 
Then, the similarities between triggers for silk fibroin and suckerin-12 self-assembly were 
investigated using thermal vapor annealing (TVA) approach. Spin cast 1 wt.% suckerin-12 films 
were annealed at 60 oC, at high humidity and ambient pressure for 12 hr.  Suckerin-12 films 
appeared smoother in AFM topographical images after TVA treatment (Figure 4).  RMS roughness 




aggregates visible.  After annealing, the film surface exhibited a mesh-like morphology in which 
the globular protein has oriented into a connected network with nanoscale domains spreading across 
the entire surface (Figure 25).91  During TVA, the supply of thermal energy enables suckerin-12 
to mobilize, while the vapor molecules promote reorganization into ordered structures like β-sheets, 
β-turns, and helices. Suckerin-12 is amphiphilic so, in the presence of water, the hydrophobic effect 
drives it to reorient into conformations that insulate hydrophobic segments from the water 
molecules.   
 
Figure 26. AFM topographical images of 1 wt.% suckerin-12 before (A) and after (B) TVA 
for 12 h. Scale: 200 nm. Z range: 4 nm. 
The assembly mechanism is further examined via concurrent spectroscopic measurements. ATR- 
FTIR of TVA samples show a clear red shift towards 1620 cm-1, indicating increased β-sheet 
content and thereby crystallinity (Figure 26A).  The amide 1 peak was fitted for six sub-peaks 
related to the four major secondary structures and their contributions summarized in Figure 26B.  
Comparing the secondary structure composition before and after, note that coils and helices seemed 
to have converted to β-sheets while β-turns, which are part of β-sheets, remain constant (Figure 4). 
In fact, β-sheet content increased 10% after TVA. Results of spectroscopic and morphological 
analysis show that controlling the amount of structural water surrounding suckerin-12 could be 
one-way nanotubular assemblies are achieved in nature. The significant shift in morphology and 




Figure 27: ATR-FTIR spectra of crosslinked suckerin-12 films in the amide 1 region before 
and after TVA (A) and secondary structure composition in initial film and after annealing 
(B).  
Noting the relative aqueous solubility after vapor annealing, the mechanical reinforcement rendered 
by this treatment was characterized. The film surface mechanics were studied using FDS to measure 
the average local stiffness, respectively. FDS was the best method to interrogate the film 
mechanical properties given their general sub-micron film thickness. Force distance curves from 
FDS were analyzed using nonlinear optimization with MATLAB software, wherein the Hertzian 
model and elastic approximation were applied as discussed in prior work.138  The FDS mapping 
has a limited range of reliability that peaks around 50 GPa, and the tip used to interrogate the surface 
has a reliability range of approximately 1 MPa to 40 GPa.139 Despite these limitations, the elastic 
moduli for the thermal vapor annealed suckerin-12 films were at least double commonly reported 
values with 18 and 34 GPa for drop and spin cast films, respectively (Figure 27). And, it seems that 
spin casting enhances the effect of thermal vapor annealing. Thermal vapor annealing allows for 
conversion of secondary structure motifs to β-sheets, making the film more crystalline. Spin 
casting, as a pre-step, elongates the peptide and thus makes for more efficient rearrangement during 




Figure 28. Histogram of FDS measured moduli for drop and spin cast suckerin-12 films after 
thermal vapor annealing. 
1.18.3 Hofmeister salt aided stabilization and crystallization. 
The environment in which suckerin assembles and functions is both aqueous and highly saline. The 
preceding experiments briefly show that water alone can free suckerin-12 to rearrange into more 
crystalline assemblies with aqueous stability.  Here, the role of anions, which are abundant in 
seawater, were characterized on suckerin-12 assembly and crystallization. Specifically, the 
influence of kosmotropic Hofmeister salts on aggregation and intermolecular bonding in suckerin-
12 film was studied. Spin cast suckerin-12 films were annealed in 200 mM salt solutions for 1 hr 
then air dried prior to characterization.  Treatment with kosmotropes resulted in suckerin-12 films 
with rougher surface morphology, consisting of densely-packed protein globules (Figure 28). RMS 
microroughness values with Na3PO4, NaOAc, Na3C6H8O7, and Na2SO4 were 3.0 ± 0.3, 3.1 ± 
0.3, 3.2 ± 0.5, and 2.2 ± 0.4 nm after treatment, respectively, corresponding to three-fourfold 
increase in roughness compared to neat suckerin-12.  Salt annealing also had a distinct effect on 
the film thickness wherein most of the salts induced contraction of the suckerin-12 composite by 
at least 4% from 74 to 70 nm, 83 to 79 nm, and 116 to 102 nm for Na3PO4, Na3C6H8O7, and 
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Na2SO4, respectively (Figure 53). NaOAc treatment did not resulted in an increase in thickness 
(within 66 to 67 nm).  The lack of contraction after NaOAc treatment may be related to the low 
kosmotropic ranking of acetate.140 
 
Figure 29. AFM topographical images of 3 wt.% suckerin-12 after salt annealing for 1 hr 
with sodium phosphate (A), sodium acetate (B), sodium citrate (C), and sodium sulfate (D). 
Scale: 1 um. Z range: 33 nm (A), 38 nm (B), 30 nm (C), and 36 nm (D).  
ATR-FTIR of suckerin-12 films after kosmotrope treatment exhibited a red shift in the amide 1 
peak from a 1650 cm-1 centroid to 1642 cm-1 and appearance of a shoulder peak at 1628 cm-1 
(Figure 29A). The shift was strongest for NaOAc, Na3C6H8O7, and Na3PO4.  However, treatment 
with Na2SO4 treatment induces a peak broadening rather than a peak shift (Figure 29A).  
Deconvolution of the amide 1 peak shows that treatment with Na2SO4 results in some conversion 
of random coils to β-sheets while the other salts cause higher conversion or random coils overall 




This distinction between the effects of Na2SO4 and the other salts is consistent with a preceding 
publication comparing the effects of kosmotropes on suckerin-12 hydrogels.47 The study showed 
that immersing suckerin-12 hydrogels in salts with stronger conjugate bases  lead to increased 
compressive modulus.  Previous studies have shown that for organic and inorganic surfaces, 
increased crystallinity leads to increased microroughness, so the increase in roughness in Figure 6 
along with increased ordered secondary structure content is reasonable.   
 
Figure 30. ATR-FTIR of the amide 1 peak of suckerin-12 neat and after salt annealing for 1 
hr (A) as well as a graph of the secondary structure composition derived from deconvolution 
of the spectra (B). 
Interestingly, the kosmotrope treatment was enough to stabilize the suckerin-12 films in water even 
after salt removal via rinsing (Figure 30). More spin cast suckerin-12 samples were salt annealed, 
characterizing their topography AFM before and after immersion in DI water. Without annealing, 
the suckerin-12 films dissolved within moments of submersion in DI water. When salt annealed, 
the suckerin-12 film surface exhibits surface aggregates but is otherwise homogenous and intact 
indicating aqueous stability salt annealing (Figure 30).  As a next step, the effects of salt annealing 




                                  
                         
Figure 31. AFM topographical images of salt annealed 3 wt.% suckerin-12 films before (A, 
C, E, G) and after (B, D, F, H) immersion in water. The samples shown were neat (A, B) and 
annealed with sodium phosphate (C, D), sodium acetate (E, F), sodium citrate (G, H), and 
sodium sulfate (I, J).  Scale: 1 um. Z range: 20 nm (A-H).  












Spin cast suckerin-12 were enzymatically crosslinked using HRP and H2O2 to form inter-
macromolecule di-tyrosine bonds.47 Crosslinking was verified via FTIR conducted on neat and 
crosslinked films. ATR-FTIR spectra of suckerin-12 films after enzymatic crosslinking exhibit 
comparable shape of amide 1 peaks to the control film; however, there is a shoulder over 1620 cm-
1 that indicates an increase in β-sheets as compared to the control suckerin-12 film (Figure 31).  
Similar spectral shifts were observed in crosslinked silk and amyloid forming proteins which 
exhibit di-tyrosine crosslinks.141,142,143,144 The di-tyrosine crosslinks provide added stability 
to β-sheet forming peptides like those in suckerin-12--and when surrounded by other β-sheet 
forming residues like leucine (L), valine (V), and phenylalanine (F), as in this case.145,146,147 
Previous studies have shown that di-tyrosine form mainly at the edges of crystalline domains, 
suggesting that the bonds aid in crystallization. 145,146  
 
Figure 32. ATR-FTIR spectra of the amide 1 peak of suckerin-12 before and after 
crosslinking (A) as well as graph of the secondary structure composition derived from peak 
deconvolution (B). 
After crosslinking, larger scale topographical images of suckerin-12 films appear to have more 
prominent de-wetting patterns like that shown in Figure 23.  This means that the film has compacted 
but not undergone phase separation or macroscale rearrangement due to chemical crosslinking.  
There was also an increase in RMS microroughness for the enzyme crosslinked films after 
treatment with 200 mM of Na3PO4, NaOAc, Na3C6H8O7, and Na2SO4 to 3.1 ± 0.1, 3.5 ± 0.6, 
3.6 ± 0.8, and 3.2 ± 0.7 nm, respectively (Figure 32).  The modest increase in microroughness was 
A B 
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accompanied by film contraction. These results suggest a double crosslinking effect wherein the 
films exhibit chemical crosslinks from HRP and increase in secondary structure crystallinity after 
salt annealing.  
                             
Figure 33. AFM topographical images of crosslinked 3 wt% suckerin-12 after salt annealing 
for 1 hr with Na3PO4 (A), NaOAc (B), Na3C6H8O7 (C), and Na2SO4 (D). Scale: 1 um. Z 
range: 35 nm (A), 38 nm (B, D), and 44 nm (C). 
FTIR spectra of crosslinked films support this hypothesis given the enhancement in shoulder over 
1625 cm-1, suggesting that salt annealing of the enzyme crosslinked films leads to further 
reorganization of the secondary structure into β-sheets (Figure 34).  Deconvolution of the spectra 
in Figure 33 shows that coils were converted to β-sheets and helices during salt annealing. This is 
different from the effect of salt annealing on neat suckerin-12 films (Figure 7) where random coils 
and helices convert to β-sheets. The crosslinked films exhibit a considerable decrease in β-turns, 
leading to increases in helices and β-sheets. Here, it’s proposed that, in addition to enhancing 
suckerin-12 crystallinity, di-tyrosine bonds formed by enzymatic crosslinking stabilize inter-
molecular β-sheet formation and inhibit flexibility of suckerin-12 residues with a propensity for β-




crosslinking seems to enable the formation of longer runs of β-sheets, or β-strands. And, as β-
strands lengthen they gain stability and a propensity for α-helices.148,149 This may account for 
the accompanying increase in helices.  
As previously mentioned, the suckerin-12 amino acid sequence exhibits motifs with high 
propensity for β-sheets but also β-turns thanks to their high G and Y content.47 Thus, it’s proposed 
that salt annealing provides an aqueous environment for reorganization while the kosmotropic salts 
promote hydrogen bonding, which comprise β-sheets.  As shown in prior work, suckerin-12 are 
sensitive to salts and their pH differences in solution.47 Specifically, raising the pH to above the 
pKa of His enables the side chain to deprotonate, giving the protein a more aromatic character. This 
then would enable more π-π stacking and hydrogen bonding that is characteristic of ordered 
structures like helices and β-sheets.  
 
Figure 34. ATR-FTIR spectra of the amide 1 of crosslinked suckerin-12 before and after salt 
annealing (A) as well as the secondary structure composition derived from peak 
deconvolution (B).  
The film surface mechanics were studied concurrent with the salt annealing and crosslinking 
experiments using QNM and FDS to measure elastic modulus comparatively across film surface 
and calculate the average local stiffness, respectively. QNM and FDS were the best SPM methods 
available to for characterizing the thin films. QNM yielded height, modulus, and adhesion maps as 
shown in Figure 35. Before crosslinking, the suckerin-12 film exhibits relative homogeneity in 
height and adhesion surface distribution while the modulus mapping shows a grainy surface texture, 
A B 
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indicating a varied surface stiffness (Figure 35). After crosslinking, the films remain relatively 
homogenous, but the modulus map is grainier, and the adhesion map exhibits higher contrast. The 
relative homogeneity before and after crosslinking confirms the suitability of these films for FDS 
via probing across the film surface to measure the apparent elastic modulus.  
Force distance curves from FDS were analyzed as previously mentioned.  QNM of select samples 
show that films did not exhibit clear signs of phase separation or large-scale inhomogeneity at least 
in topography and adhesive force during characterization (Figure 34).  Elastic moduli for neat and 
crosslinked films with and without salt annealing were compiled into histograms in Figure 35.  
Moduli for non-crosslinked films appears centralized about 3-5 GPa, except for neat and NaAcO 
treated suckerin-12 which exhibited a broader distribution of moduli (Figure 35). The more 
kosmotropic salts seem to improve film mechanical homogeneity and increase β-sheet content as 
shown via FTIR through the conversion of random coils to β-sheets. However, NaAcO more so 
converted coils to helices and ultimately produced films with greater mechanical inhomogeneity.  
After crosslinking, we observe modulus peak broadening for all samples, starting at about 20 GPa 
(Figure 35). This is likely caused by additional post-crosslinking with the resulting film moduli 
approaching the upper bound of data reliability for the scanning probing analysis. The FDS 
mapping has a limited range of reliability that peaks around 50 GPa, and the tip used to interrogate 
the surface has a reliability range of approximately 1 MPa to 40 GPa.139 Despite these limitations, 
the near order of magnitude increase in moduli after crosslinking clearly demonstrates the 
mechanically enhancing effect of di-tyrosine crosslinks, which stabilize β-sheet formation, 
resulting in significant increase in the apparent elastic modulus, well above the common values for 
the initial protein films.146   
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Figure 35. QNM images of suckeirn-12 dry before (A, C, E) and after (B, D, F) crosslinking 











Figure 36. Histograms of FDS measured moduli for suckerin-12 films before (A) and after 
(B) crosslinking.  
 
1.19 Conclusions 
This work demonstrates several ways that suckerin-12 uses its local chemical environment and 
water to control intermolecular interactions and form aqueously stable biomaterials. Though, not a 
fiber forming protein, suckerin-12 is shown to can undergo shear induced crystallization and 
thermal vapor annealing to form a fibrous network microstructure that forms as random coils 




design to induce suckerin-12 to assemble by enabling suckerin-12 elongation from random coils 
into hydrogen bonded ordered structures. This work suggests that cephalopods undertake a similar 
protein elongating step while forming the semi-crystalline sucker ring teeth in a marine 
environment; after which subsequent assembly via salts is more favorable.  
Then, suckerin-12 film stability is mediated by β-sheet formation provided in aqueous saline 
environments. Specifically, this is the case for saline environments where the solution pH is below 
the suckerin-12 isoelectric point as in the case of kosmotropic Hofmeister salts, where effectiveness 
maximized with strong conjugate bases. Changes in ionic environment not only facilitate changes 
in mechanical performance and dimension but correspond to shifts in secondary structure that serve 
as a higher-level order-induced means of mechanical tuning. Thus, the present study confirms and 
clarifies previously speculated mechanisms of suckerin-12 film reinforcement and presents 
methods of tuning its assembly in nature. In salt annealing, suckerin-12 takes advantage of both 
anions its environment and water to reorganize helices and random coils into β-sheets that lead to 
film constricting and increased elastic modulus. Salt treatment renders suckerin-12 aqueously 
stable films with comparable crystallinity and stability to that achieved using enzymatic 
crosslinking. In combining the order-induced mechanical enhancement of salt annealing and 
stabilization of crosslinking, we achieved a double crosslinking effect where suckerin-12 organized 
into more extended β-sheets. The study posits that suckerin-12 inter-protein physical crosslinks 
mediated via saline conditions render their aqueous stability and indicates how suckerin isoforms 
work together to create strong, well-bound suckerin assemblies. Our findings provide further input 
in understanding this relatively new protein and methods by which to tune its assembly, secondary 
structure, physical crosslinking, and mechanical performance in demanding biomaterials 
applications.  In so doing, we have begun untangling the natural processes that cephalopods use to 
achieve strong, aqueously operable all-suckerin sucker ring teeth.   
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SYNTHETIC COPOLYMER INTERFACIAL ASSEMBLY 
1.20 Overview  
In this chapter, synthetic copolymers are used to better understand adsorption and assembly 
behavior found in the previous chapters. Two copolymers were chosen for this study. Copolymer 
type I contains GMA grafted to a backbone of OEGMA and demonstrates strong hydrophilic 
nature, while copolymer type 2 shows amphiphilic behavior due to LMA side chains interspersed 
with GMA son an OEGMA backbone. POEGMA exhibits thermosensitivity, protein repellency, 
and ability to compatibilize materials with water.150,151,152,153,154,155,156  Lauryl 
methacrylate addition is used to tune the hydropathy of the copolymers.157,158,159  This study 
focuses on the effect copolymer and substrate chemistry on copolymer when unbound and bound 
to GO flake surface adsorption.  SiO2, GO, and rGO surfaces were used.  Hydrophobic interactions 
led to copolymer type 1 adsorbing solely at the edge of rGO flakes, while amphiphilic copolymer 
type 2 to adsorb onto all surfaces and exhibited network formation on GO, much like amphiphilic 
protein silk fibroin. Thus, this chapter shows the dominance of hydrophobicity in polymer 
adsorption and assembly to inorganic surfaces.  
 
1.21 Experimental  
Preparation of P(G66-O34), P(G15-O66-L19), and copolymer modified GO. The synthetic 
copolymers and modified GO were prepared as discussed in Chapter 3.  The copolymers were 
diluted to 0.1 v/v % copolymer solution in methanol, and modified GO suspension dispersed in 
water only and methanol and water solutions for the following experiments.  
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Sample preparation. Copolymer samples were spin cast at 3000 rpm onto GO and rGO on SiO2 
wafers.  GO and rGO were prepared as explained in Chapter 3.  The copolymer modified GO was 
deposited in SiO2 wafers via dip coating and spin casting on SiO2 wafers; the first for preparation 
of thick films and the second for disperse monolayers of modified GO.  
Surface morphology and chemistry characterization. AFM and QNM were used to characterize 
adsorption and surface morphology of the copolymers and copolymer modified GO on silica 
surfaces.  FTIR and XPS were used to characterize their surface chemistry.  Parameters for each 
characterization technique are as discussed in Chapter 3.  
 
1.22 Results and discussion 
1.22.1 Adsorption of copolymer modified GO 
First, copolymer grafting was verified using XPS, AFM and FTIR.  Dip coated samples of the 
copolymer grafted flakes were used for XPS analysis. Figure 8 shows representative XPS scans for 
GO and GO-type 2. GO type-1 was like that of type 2. The scans show 280 – 300 eV on the XPS 
scan which corresponds to carbon. This elemental peak can be deconvoluted into the following 
subpeaks: sp2 and sp3 carbon at 284 eV, sp2 carbon-oxygen bonds at 286 eV, and sp1 carbon 
oxygen bonds at 290 eV. For pristine GO, C-C and C-O bonds would be at relative parity as shown 
here due to the single and double bonded carbon lattice of graphene and nearly 46 % oxygen loading 
of GO.22  Copolymer type 1 grafted GO on the other hand would have a higher loading of sp2 and 
sp1 carbon-oxygen bonds from GMA and POEGMA which causes the peak at 286 eV to exceed 
the magnitude of the peak at 284 eV. For GO modified with copolymer type-1 the disparity in peaks 
is more exaggerated because the copolymer type-1 only has GMA and POEGMA side chains, rather 
than the alkane LMA on type-2.  
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Figure 37. High resolution C1s XPS scans: (A) pristine GO and (B) GO/RMS-2. 
AFM images of the modified flakes show increased roughness relative to typical GO flakes. A 
monolayer of GO flakes grafted with copolymer type 1 and type 2 at 0.04 wt. % was spun cast at 
3000 rpm for 30 s onto a SiO2 surface. shows AFM micrographs of both types of polymer grafted 
flakes on SiO2 surface of a silicon wafer. GO flake lateral dimensions were approximately 3 – 10 
µm with ~3 nm thickness. Given that flakes tend to be 0.9 nm thick, there is about 2 nm of 
copolymer tethered to the GO flakes.22  The flake surface exhibits uniform height and phase which 







Figure 38: AFM topographical (A) and phase (B) images of graphene flakes modified with 
copolymer type 2 in water as Well as height profiles (D) taken from an AFM topographical 
image of graphene flakes modified with copolymer type 1 (C) with profile slices color 
coordinated.  
FTIR shows that GO has a C-C and C=C bonded, conjugated lattice with epoxy, hydroxyl, and 
carboxylic side groups extended from the lattice plane.  After normalizing the FTIR spectra, each 
spectrum has similar peaks characteristic of GO at 3400, 2800, 1700, and 1600 cm-1, which 
correlate with -OH, C-C, C=O, and C=C, respectively (Figure 38).  Copolymers were grafted to 
GO flakes using hydroxyl groups on the flake surface, so there is a decrease in the peak at 3400 
cm-1. The copolymer link to the GO surface through an acrylate bond which leads to the peak at 
1700 cm-1 being significantly greater than that at 1600 cm-1, instead of the equal weighting of 
these peaks as shown for unmodified GO.  There is also see a pronounced alkane peak at 2800 cm-
1 for the copolymer grafted flakes due to the copolymer backbone and side chains with type 2 
having the highest abundance of alkanes thanks to the presence of LMA, a long alkane side chain.  
  
Figure 39: ATR-FTIR spectra of GO, GO modified with copolymer type 1 and type 2. 
 
After verifying the copolymer grafting, experiments were conducted to probe copolymer assembly 
in terms of phase separation and copolymer extension primarily using SPM techniques AFM and 
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QNM.  This was studied as a function of casting method, pH, flake substrate, and temperature. Sets 
of samples were deposited by spin casting and dip coating on SiO2 surface of a silicon wafer. GO 
type-1 and GO type-2 were deposited from aqueous (Figure 37) and methanol suspensions (Figure 
39) then AFM was conducted in air and deionized water to probe dry and solution state behavior. 
And, spin coating was used create single, diffuse layers of modified flakes, whereas dip coating 
produced full coverage monolayer and multilayer films.  
Figure 39 shows that spin casting GO type-1 and type-2 from methanol suspensions produces a 
distinct morphological change. For both copolymer grafted graphene flakes, AFM height and phase 
images obtained in air show spindles extending on the SiO2 surface from the flake surface. The 
spindles form an approximately 100 nm corona around each flake with each spindle having a 
thickness of about 1.2 nm. Three 10 µm by 10 µm images were acquired for each condition and 
exhibit this phenomenon on most flakes. When scanned in deionized water in QNM, which was 
used to enable better cantilever tracking in the It state, there is no difference in copolymer lateral 
extension. However, copolymer vertical extension does differ between the water and methanol 
modified GO suspensions. GO type 1 exhibited thicknesses of 10 and 12 nm when spun from water 
and methanol, respectively. Even more enhanced extension is seen from copolymer on GO type 2 
which saw an over 2-fold increase in extension from 6 nm when spun from water and 15 nm when 
spun from methanol.  These results suggest that the copolymer elongation could be caused by a 
combination of shear force applied during spin casting and rapid quenching due to fast eluting 
methanol. Additionally, hydrogen bonding moieties on the copolymer may preferentially interact 
with the methanol solvent rather than water which would lead to more elongated polymer when 
these flakes are spun cast. More work is needed to loosely identify this mechanism of elongation. 
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Figure 40: Topographical (A,B) and phase (C,D) images from in air AFM graphene flakes 
modified with copolymer type 1 (A,C) and type 2 (B,D), including an inset of C showing 
copolymer extension (E). Height profiles taken at the flake image are provided to indicate 
flake thickness post grafting. 
1.22.2 Adsorption of untethered synthetic copolymers type 1 and 2 
Similar experiments were undertaken with the untether copolymer to better understand what drives 
the assemblies in the previous section by characterizing their adsorption to surfaces of different 
philicity and degrees of heterogeneity.  The copolymers in methanol were spin cast onto diffuse 
GO and rGO flakes on SiO2.  On GO, copolymer type 1, which consists of POEGMA and is mostly 
hydrophilic, adsorbed to both GO and SiO2.  Figure 40 shows dewetting pattern is observable SiO2 
while relatively smooth and continuous coating forms on GO.  Copolymer type 2 that consists of 
POEGMA with LMA sidechains that confer amphiphilicity and seems to adsorb preferentially on 
GO.  Type 2 also develops higher order assembly on GO as indicated by the web-like white features 
in Figure 40.  The surface used here can be categorized as homogenous, hydrophilic – SiO2, 
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heterogenous, hydrophilic – GO, and heterogenous, hydrophobic – GO.  Thus, the selective 
adsorption of copolymer type 2 seems to selectively adsorb to GO because of its heterogeneity and 
local amphiphilicity.  While, GO is generally hydrophilic thanks to a high density of oxygenated 
groups on its surface.  However, the surface has defects and only 46% maximum loading of 
epoxides, hydroxyls, and the like; so, it is locally amphiphilic.  This part of what enables silk 
fibroin, which is also amphiphilic, to adsorb and exhibit fibrillar assembly on GO.22  The 
amphiphilic type 2 copolymer seems to exhibit a similar phenomenon driven by the hydrophobic 
effect.  Copolymer 2 assembles on GO to bring together like segments of the copolymer chain and 
GO surface.  In contrast, copolymer type 1 does not exhibit assembly and wets both GO and SiO2, 
but it forms a thicker layer on SiO2.  This result suggests that where there are two surfaces of 
comparably preferable hydrophilicity, the homogenous surface is preferred.  The dewetting pattern 
observed seems to be a result of the low concentration rather than a lack of affinity because it is not 
observable at higher concentrations.  
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Figure 41. AFM height (A, C)and phase (B, D) images of copolymer type 1 (A, B) and type 2 
(C, D) on GO flakes on SiO2 wafers. Z range: 9 (A, C).  Angle range: 25O (B) and 17O(E). 
Then, the copolymers were observed on rGO on SiO2 wafers.  AFM height and phase images of  
copolymer type 1 exhibits the greatest contrast to the previous results (Figure 40).  Copolymer type 
1 seems to have adsorbed solely to SiO2 and the edge of each rGO flake.  Adsorption of copolymer 
type 2 was observed at four different locations at 90 um2 before capturing the images shown in 
Figure 40, and the same phenomenon was observed.  Aggregation and decreased adsorption were 
anticipated, but not near complete avoidance of the hydrophobic rGO flake surface, particularly, 
after spin casting.  Meanwhile, copolymer type 2 adsorbs to both SiO2 and rGO.  Adsorption on 




assembly observed on GO.  This occurrence is likely due to the largely hydrophobic nature of rGO.  
The assemblies seem to form only at the flake edge.  Previously, GO flake reduction was monitored 
using electrostatic force microscopy to track removal of oxygen moieties.9  In that study, the flake 
edge was the last to reduce completely as reduction appeared to propagate out from the flake surface 
interior.  Thus, in the present study, the network formation on likely still partially oxidized flake 
edge due to the hydrophobic effect and forms a film on the remainder of the surface because of its 
high density of hydrophobic LMA sidechains.  
1.23 Conclusions 
The experiments and results outlined in this section provide a closer look at the role of surface and 
polymer surface chemistry, specifically their hydrophobicity and heterogeneity on adsorption and 
assembly using synthetic copolymers.  Copolymer adsorption was observed unbound and when 
bound to GO.  The bound GO exhibited sensitivity to solvent selection where dip coating or spin 
casting from methanol, a volatile solvent, enabled the copolymer to extend into corona around the 
GO flakes.  No such extension or corona was observed when using copolymer modified GO in 
water suspensions.  Taking this result into consideration, the adsorption of the unbound copolymer 
in methanol was characterized on GO and rGO coated SiO2 wafers.  The results indicate that 
surface homogeneity and philicity have a significant impact on copolymer adsorption and 
assembly.  When hydrophilicity of the copolymer and surface were matched, the more homogenous 
surface was preferred.  For the amphiphilic copolymer type 2, heterogeneity was preferred over 
homogenous, hydrophilic in favor of heterogenous, hydrophobic rGO surface where philicity was 
better matched.  Higher order assemblies occurred chiefly on amphiphilic surfaces, suggesting the 
hydrophobic effect is the impetus.  Subsequent experiments are needed to further parse out the roles 
of  homogeneity and philicity in adsorption and assembly and how they are disrupted by processing 
conditions.  However, this study succeeds in experimentally detailing the role polymer and surface 
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structure play in interfacial assembly observed, not only with copolymers, but also suckerin, silk, 
and other amphiphilic biopolymers that may exhibit network and fiber assembly. 
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GENERAL DISCUSSIONS AND BROADER IMPACTS 
1.24 General conclusions and future prospects 
The goal of this dissertation was to elucidate interfacial interaction and assembly processes that 
drive interfacial assembly in order to mediate mechanical performance enhancement in biotic-
abiotic composites.  This is a complex task, so several studies were undertaken to achieve it.  First, 
a well-studied, semi-crystalline biopolymer silk is used to identify non-covalent methods for 
manipulating interfacial interaction.  In doing so, this work showed that by increasing positive 
interfacial interactions one can induce high order assemblies that provide improve stress transfer 
and improve mechanical performance of bionanocomposites.  Then, lesser known protein suckerin 
was used to test cross applicability of findings from the silk studies to other semi-crystalline 
biopolymers.  Not only is cross-applicability demonstrated, but some triggers for interfacial 
assembly were proven to operate constructively when applied together.  Finally, synthetic 
copolymers were used to further investigate the specific role of biopolymer and inorganic surface 
properties (i.e. hydrophobicity and heterogeneity) on adsorption and assembly.  The findings 
presented show that both like philicity and decreased roughness promote polymer adsorption and 
assembly.  Below, these insights are discussed here in more depth. 
1.24.1 Insights on assembly from silk fibroin on inorganic substrates and GO nanomembranes 
The silk fibroin study sought to identify interfacial interactions and assembly processes that occur 
between silk and amphiphilic, heterogeneous GO flake surfaces as a function of during and post-
processing conditions.  Silk fibroin adsorption at the heterogeneous hydrophobic–hydrophilic 
surface of GO with different degrees of oxidation is addressed experimentally and theoretically.  
Samples were prepared using various spin‐assisted deposition conditions relevant to assembly of 
laminated nanocomposites from graphene‐based components and compared with SiO2 as a 
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benchmark substrate.  Secondary structure of silk backbones changes as a function of silk fibroin 
concentration, substrate chemical composition, and deposition dynamics are assessed and 
compared with molecular dynamic simulations. It is observed that protofibrils form at low 
concentrations while variance in the deposition speed has little effect on silk secondary structure 
and morphology. However, balance of non-bonded interactions between electrostatic and van der 
Waals contributions can lead to silk secondary structure retention on the GO surface as opposed to 
aggregation and loss of crystalline assemblies on the hydrophobic rGO surface. Molecular 
dynamics simulations of silk fibroin at different surfaces show that strong van der Waals 
interactions play a pivotal role in losing and disrupting secondary structure on graphene and SiO2 
surfaces.  
Fine tuning silk fibroin structure on heterogeneous graphene‐based surfaces paved the way toward 
development of biomolecular reinforcement for biopolymer–graphene laminated nanocomposites.  
Ultrathin and robust nanocomposite membranes were fabricated by incorporating GO sheets into a 
silk fibroin matrix by a dSA-LbL. In contrast to traditional SA-LbL,  fast solution removal during 
deposition of solution on continuously spinning substrates resulted in largely unfolded 
biomacromolecules with enhanced surface interactions and suppressed nanofibril formation. The 
resulting laminated nanocomposites possessed outstanding mechanical properties, significantly 
exceeding those previously reported for conventional LbL films with similar composition. The 
tensile modulus reached extremely high values of 170 GPa, which had never been reported at the 
time for GO-based nanocomposites, the ultimate strength was close to 300 MPa, and the toughness 
was above 3.4 MJ m–3. The failure modes observed for these membranes suggested that increased 
silk assembly at the silk-GO flake composite interphase facilitated the observed performance 
enhancement.  This interphase reinforcement led to effective load transfer between GO flakes in 
reinforced laminated nanocomposite materials with excellent mechanical strength that surpassed 
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those known for conventional flexible laminated carbon nanocomposites from GO and biopolymer 
components. 
1.24.2 Insights on mechanisms of assembly and toughening of suckerin films 
Over the course of this study, the cross-applicability of triggers for assembly in silk were tested on 
suckerin-12 in addition to salt annealing and enzymatic crosslinking, and then demonstrated their 
potential additive effects when applied in simultaneously.  Assembly methods used include shear 
induced crystallization, thermal vapor annealing, salt annealing and enzymatic crosslinking.  Thin 
films of suckerin-12 were used in order to closely monitor resultant changes in the microstructure 
concurrent with the protein secondary structure.  First, the results showed suckerin-12 to exhibit 
susceptibility to shear induced crystallization and thermal vapor annealing just as fellow semi-
crystalline biopolymer silk fibroin.  Both methods resulted increased crystallinity of suckerin-12 as 
observed from FTIR with thermal vapor annealing causing a more pronounced secondary structure 
shift (10% increase in β-sheets).  The clear shift in secondary structure caused by thermal vapor 
annealing was accompanied by the formation of a fibrous network on suckerin-12 surfaces, and 
ultimately yielded increased Young’s modulus in both drop and spin cast suckerin-12 films (Figures 
25 and 27). The fibrous structures that develop upon shearing or vapor annealing suckerin-12 are 
reminiscent of the nanotubular structures within the bulk sucker ring teeth matrix.47  Temperature 
mediation and abundance of water inherent in thermal vapor annealing produced assembly and 
crystallization with greater efficacy than shear induced crystallization.  Both salt annealing and 
enzymatic crosslinking enhanced suckerin-12 crystallinity, exhibiting conversion of random coils 
to β-sheets crystallites that provide interfacial mechanical reinforcement (Figure 29).  
And ultimately, salt annealing and enzymatic crosslinking were applied in concert to determine 
whether their effects on assembly and mechanical performance were additive.  Our findings are in 
good agreement with a previous study on similar materials which was focused on the effect of 
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Hofmeister anions on suckerin-12 hydrogel swelling behavior and mechanics.47   This study not 
only demonstrates microstructure changes such as secondary structure composition and surface 
morphology but shows that the treatments can operate constructively.  Enzymatic crosslinking 
seems to stabilize the ordered structure and enable formation of longer β-sheets as indicated by the 
substantial increase in β-sheet content at the expense of β-turns.  This results in an increase in 
extended β-crystallites after crosslinking, and then salt treatment leads to an increase in suckerin-
12 elastic modulus as measured via FDS nanomechanical probing.  Overall, these results 
demonstrate the cross-applicability of the mechanisms found in Chapters 4 and 5 to other proteins 
and their mechanical performance, while suggesting that processing can have additive effects on 
performance, structure and assembly.   
1.24.3 Insights on the hydrophobic effect and surface adsorption from synthetic copolymers 
The brief study on copolymer adsorption and assembly then shows the dominance of the 
hydrophobic effect in polymer adsorption and assembly to inorganic surfaces.  Hydrophilic 
copolymer type 1 (POEGMA) and amphiphilic copolymer type 2 (POEGMA-LMA) were spin 
coated onto GO flakes and rGO on SiO2 surface then characterized via AFM.  Copolymer type 1 
exhibited a clear preference for like surfaces GO and SiO2, and only adsorbed to the rGO flake 
edge, which tends to be less reduced.  This is striking given that all sample were spin cast, a method 
that usually results in at least shear deposition.  Copolymer type 2 adsorbed to each surface, but it 
formed high order assemblies on GO and rGO surfaces that were reminiscent of silk fibroin on GO 
without any additional processing.  Similar effects were observed when the copolymers were 
tethered to GO and copolymer type 2, exhibited greater extension onto the homogenously 
hydrophilic SiO2 surface.  These results provide subtext for the phenomena observed with suckerin 
and silk, suggesting that assembly of biopolymers is result of chiefly due to the hydrophobic effect 




This dissertation explored and the interfacial mechanisms that drive biopolymer-inorganic 
composite performance.  The key insight from the work presented is the dominance of the 
hydrophobic effect and one’s capacity to shield or promote hydrogen bonding drive interfacial 
assembly that enables bulk composite or polymer reinforcement.  This work shows the importance 
of using fundamental materials knowledge to drive design and suggests avenues for future studies 
to better understand how to apply processing steps that work constructively with dominant 
hydrophobic interactions to tune the interfacial interactions and materials performance.  
Additionally, extrapolation of the nanoscale characterizations to macroscale and bulk media would 
improve industrial applicability of these findings.  While leading with fundamentals takes patience 
and carefulness, the rewards for subsequent materials research and design are worth it.  
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The appendix contains additional tables and figures not presented in the previousr chapters.  
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Figure 42. Silk fibroin at 0.002 wt. % dynamically cast on GO flakes at 5000 rpm morphology 
in AFM height (A) and phase (B) images with height profiles corresponding to the white (C), 
red, green, and blue lines (D) in A.  Scale: 100 nm. Z range: 2 nm. 
 
 
Figure 43. Silk fibroin at 0.002 wt. % deposited via conventional SA-LbL on GO flakes at 
5000 rpm morphology in AFM height (A) with height profiles corresponding to the red, green, 




Figure 44. ATR-FTIR spectra of silk fibroin (A) on GO (B) and rGO (C) in the amide I and 
amide II regions.  
 
  









Figure 47. The AFM topographical image of Figure 1B is used as an additional example of 
cross-sections used for height measurement, where the height profiles correspond to the blue 
(B), red (C), and green (D) in A.  Scale: 100 nm. Z range: 5 nm 
 
 
Figure 48. Histogram of silk fibroin structure height when cast by conventional SA-LbL at 










Figure 49. Histogram of silk fibroin structure volume when cast by conventional SA-LbL at 
5000 rpm. The data presented is directly taken from the images shown in Figure 7.  
 
 
Figure 50. Ramachandran plot with the probability (I) of silk on (A) graphene, (B) GO, (C) 
SiO2, and (D) free standing where red indicates greater density.  
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Table 4. Summary of mechanical performance for GO at various concentrations in dSA-LbL 




Figure 51. Representative stress–strain curves derived from the bulging tests for dSA GO-
silk fibroin nanocomposite membranes with different GO content. (a) 23.7% (b) 18.4% (c) 
11.1% (d) 8.75% (e) 5.1% (f) 0%. Each sample with three different test points used for 
comparison. 
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Figure 52. Phase image of suckerin-12 at 3 wt.% on a silica substrate. 
 
                               
Figure 53. Optical microscopy images of the polystyrene pre-layer in bright (A) and dark 









Figure 54. Bar graph of suckerin-12 film heights before and after salt annealing as well as the 
percent change.  
 
  
Table 5. Summary of RMS roughness measurements discussed in the main text. 
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Figure 55. XPS carbon peak for neat, salt treated, and crosslinked suckerin-12. 
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